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ABSTRACT
The corn earworm, Helicoverpa zea, is a highly polyphagous insect that is a pest
of corn, cotton, sorghum, and soybeans in the southern United States. It is currently
managed primarily using transgenic cultivars producing insecticidal proteins derived
from the bacterium Bacillus thuringiensis (Bt) in corn and cotton, and foliar insecticides
in sorghum and soybeans. However, the development of resistance to several Bt toxins
has been reported and is the primary threat to the success and longevity of Bt crops. We
performed a number of field and laboratory experiments over three years to investigate
the development, survival, and feeding behavior of H. zea in Bt corn with implications
for resistance. H. zea feeding on Bt corn significantly reduced pupal weight but this did
not result in detectable effects on fecundity or egg viability. We characterized the ageand tissue-specific feeding behavior of H. zea larvae in silk, tip, and kernel ear tissues in
relation to tissue-specific concentrations of Cry1F and Cry2Ab2 using ELISA. Bt protein
concentration varied in space and time, but we did not detect changes in larval feeding
behavior between Bt and non-Bt hybrids, although development was delayed on several
Bt hybrids. Resistance monitoring of 22 field-collected populations from North and South
Carolina was conducted using purified protein diet-overlay bioassays to determine
susceptibility to Cry1A.105 and Cry2Ab2. Compared with a susceptible laboratory
colony, resistance ratios indicated that H. zea resistance to Cry1A.105 is widespread
across North and South Carolina and resistance to Cry2Ab2 was detected in several
populations but others remain susceptible. Susceptibility to Cry proteins did not correlate
with H. zea developmental parameters. We evaluated the use of Bt and non-Bt corn
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hybrids in combination with foliar applications of chlorantraniliprole at varying
infestation thresholds to protect field corn from infestation and damage and determine
effects on grain yield. All Bt hybrids were more effective at reducing fall armyworm,
Spodoptera frugiperda, infestation rates and leaf injury than multiple insecticide sprays,
and no Bt hybrid required supplemental insecticide treatments. Significant protection of
yield was detected only in the Bt hybrids producing Cry1A.105 + Cry2Ab2. These data
fill knowledge gaps that can be incorporated into insect resistance management (IRM)
models, which can aid in the implementation of IRM strategies that can improve risk
management decisions regarding H. zea in Bt crops in the complex landscapes of the
southern United States.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW
Helicoverpa zea: Biology, Ecology and Behavior
Helicoverpa zea (Lepidoptera: Noctuidae)—commonly known as the corn earworm,
cotton bollworm or tomato fruitworm—is a highly polyphagous, mobile, and multivoltine
agricultural pest. It is geographically distributed throughout the Americas, ranging from southern
Canada to parts of Chile and Argentina with populations capable of overwintering in most areas
between 40°N and 40°S (Sharma 2005). The key characteristics enabling its capabilities as a pest
are its high polyphagy, high mobility, high fecundity, and facultative diapause (Fitt 1989).
The H. zea life cycle is completed in 28-30 days at temperatures of 25°C but this can be
extended upwards of 70 days under colder conditions (Sharma 2005). Thus, the number of
generations per year generally decreases as latitude increases. In the southern United States H.
zea may complete 4-7 generations per year with the final generation entering diapause based on
photoperiod and host quality (Stadelbacher 1981). Oviposition occurs in the early evening hours
and eggs are deposited singly on a host. Fecundity estimates range from 300 to 3000 eggs per
female (Adler et al. 1991, Fitt, 1989), although it is unclear how well laboratory estimates apply
to fecundity in the field. Egg development lasts approximately 70 hours and upon hatching most
larvae will feed on the cast chorion within 1 to 4 minutes (Adler and Dial 1989). Larvae develop
through 4 to 6 instars and as they mature they become increasingly prone to cannibalism, a
behavior that can be a significant regulatory factor in H. zea populations (Dial and Adler 1990,
Stinner et al. 1977). Once the growth threshold for pupation has been met, larvae cease feeding,
drop to the ground, and pupate in the soil. Adults emerge after 14 to 21 days and feed on nectar
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(Pedigo and Rice 2009). The emergence of diapausing pupae in the spring is dependent on soil
temperature and can be predicted using a heat unit model (Rummel and Hatfield 1988).
The polyphagous nature of H. zea affords it distinct advantages of survival and
reproduction in agroecosystems. Populations can develop simultaneously on a variety of hosts,
they can develop continuously by exploiting a succession of hosts throughout the season, and
they can persist at low densities since there is almost always a suitable cultivated or uncultivated
host in an area (Fitt 1989). The number and diversity of suitable hosts is substantial and H. zea
larvae have been recovered from at least 240 plant species in 36 plant families (Kogan et al.
1989). H. zea infests a wide range of important agricultural crops such as corn, cotton, soybean,
tomato, sorghum, sunflower and okra (Fitt 1989). It has been argued that one of the primary
factors shaping the feeding habits and feeding preference of H. zea and related species is the
requirement of obtaining food with high enough protein content (Hardwick 1965). Support for
this argument is reflected in the preference for feeding on the nitrogen-rich flowers and fruits of
host plants as well as the strong cannibalistic tendencies.
With the long generation time relative to the period of host suitability, H. zea adults
usually disperse from their emergence sites to reproduce and this movement can range from less
than a few miles to hundreds of miles (Culin 1995, Harstack et al. 1982). Despite this potential
for long-range migration, H. zea in the agroecosystem of eastern North Carolina and the
surrounding region may comprise a mostly distinct population because of the piedmont and
mountains to the west, the Atlantic Ocean to the east, and overwintering limitation to the north
(Storer 1999). There are fewer constraining factors to the south, but it is thought H. zea moths
moving into North and South Carolina from the south are insignificant relative to the local
production of H. zea (Stinner et al. 1977).
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As different plants flower and fruit at different times throughout the season, so follows H.
zea. In North Carolina when overwintering H. zea moths first emerge in mid-May the available
hosts include whorl-stage corn and flowering uncultivated hosts such as geranium and toadflax
(Neunzig 1963, Storer 1999, Stadelbacher 1981). These and other early-flowering wild hosts act
as a nursery and bridge the gap between spring emergence and the cultivated hosts, such as earstage corn (Kennedy and Storer 2000). In eastern North Carolina the adults produced from the
first generation (F1) eclose late June/early July (Storer 1999). At this time most wild plants have
finished flowering and corn has begun silking—the most attractive stage. Female moths will
oviposit on fresh silks in preference to any other available host (Isely 1942) and the abundance of
corn results in most of the second generation (F2) developing on ear-stage corn (Stinner et al.
1977). By the time F2 adults in North Carolina begin emerging from corn at the end of July, corn
has matured and is no longer attractive; however, cotton and some soybean fields are in peak
bloom and become the preferred host for this third generation (Storer 1999). In the southern
United States H. zea can complete multiple generations on these late-season crop hosts in
addition to fall flowering wild hosts (Neunzig 1963, Storer, 1999).
H. zea is one of the most economically important pests in diverse agroecosystems in the
United States because it is such a mobile, fecund and polyphagous fruit feeder of major
agricultural and vegetable crops (Fitt 1989; Luttrell and Jackson 2012). In the southern United
States, field corn is the most significant producer of H. zea (Jackson et al. 2007) where it can act
as a nursery crop and produce large numbers of adults that then emigrate to later-maturing crops
such as cotton and soybean (Bradley 1993). In corn, damage by H. zea is generally not high
enough for treatment to be economically feasible but because of the population dynamics of H.
zea and its pest status on other crops many efforts have been made to manage H. zea populations.
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Management of H. zea in diverse agroecosystems
Efforts to manage H. zea populations and the damage they can confer on field crops can
take many forms. An understanding of H. zea ecology and phenology permits the exploitation of
cultural control methods such as manipulating planting dates, destroying or manipulating
alternate hosts, stubble cultivation and destruction of crop residues, destroying diapausing pupae
through cultivation, and modifying distance between crop canopies (Fitt 1989; Alston et al.
1991). In addition, trap cropping and area-wide suppression have been proposed as potential
management options (Fitt 1989). For host-plant resistance, crop varieties have been bred for
traits that reduce feeding damage by H. zea. In corn, traits such as husk tightness and maysin
concentration in silks have had success in reducing damage (Rector et al. 2002; Wiseman et al.
1992; Wiseman and Carpenter 1995).
Biological control of H. zea populations is carried out by a wide variety of natural
enemies, with reports spanning over 60 parasitic hymenopteran species, 61 parasitic dipteran
species, and 142 predator species (King and Coleman 1989). To improve biological control,
research has been conducted on how intercropping flowering plants with field crops influences
predator and parasitoid abundance and efficacy (Manandhar and Wright 2016). However, results
are mixed on whether natural enemies can control H. zea to effectively prevent economic injury
in different crops (Archer and Bynum 1994, Swenson et al. 2013)
Chemical insecticides—such as pyrethroids, carbamates, and diamides—can be an
important component in controlling H. zea and are therefore used frequently in some crops,
including soybean (Swenson et al. 2013). Despite their use there are significant limitations and
disadvantages to chemical control such as the development of resistance, disruption of beneficial
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natural enemies and inadequate exposure because of larval feeding within fruits and husks
(Brown et al. 1998, Hutchinson et al. 2007, Mueller et al. 1984). In response to the disadvantages
and shortcomings of using broad-spectrum synthetic insecticides to control lepidopteran pests
such as H. zea, important agricultural crops throughout the world have been increasingly shifting
towards the use of biotechnology for pest management.

Bacillus thuringiensis (Bt) and transgenic crops
Bacillus thuringiensis (Bt) is a gram-positive, rod-shaped, sporulating bacterium that
produces insecticidal proteins that, once ingested, can be toxic against a variety of insects (Palma
et al. 2014). Bt was first isolated in 1901 (Ishiwata 1901) and then rediscovered and first
described in 1911 by Ernst Berliner (Beegle and Yamamoto 1992). In 1962, Edouard Kurstak
discovered a Bt subspecies that specifically targets lepidopteran pests—now known as Bacillus
thuringiensis variety kurstaki (Kurstak 1962). This isolate would later be developed into many
commercial products such as Dipel, which can be formulated into a variety of insecticidal sprays
or dusts and are certified for organic agriculture (OMRI 2016). However, Bt spray and dry
formulations have practical limitations hampering their acceptance and use, notably their slow
action, quick degradation, and high costs incurred by multiple applications (Barton et al. 1987;
Beegle and Yamamoto 1992). To address these shortcomings and improve the efficiency of Bt
insecticidal properties, several research groups demonstrated the feasibility of generating
lepidopteran-resistant transgenic tobacco and tomato plants expressing insecticidal proteins
encoded by genes from Bt (Barton et al. 1987, Fischhoff et al. 1987, Vaeck et al. 1987). The
commercial production of transgenic Bt corn and cotton began in 1996 and today Bt crops are
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planted on over a billion acres worldwide, accounting for approximately 70% of the corn and
90% of the cotton grown in the United States (Tabashnik et al. 2013).

Bt insecticidal proteins and genetic engineering
Of the Bt insecticidal proteins, the most relevant to agricultural production are the Cry
and Vip toxins. Cry toxins impart their insecticidal activity on insects by being ingested,
solubilized in the midgut, proteolytically activated by proteases, and binding to specific receptors
causing cell lysis and death (mode of action described in greater detail later) (Schnepf et al.
1998). Cry toxins, also known as δ-endotoxins, are synthesized as parasporal crystalline
inclusions during sporulation and the stationary phase of bacterial growth (Palma et al. 2014).
Cry toxins make up the largest group of Bacillus insecticidal proteins and there have been 74
different types of Cry proteins classified, Cry1 to Cry74 (Crickmore et al. 2016). Cry toxins
belonging to the three-domain family are globular molecules with a highly conserved threedomain structure. The N-terminal domain (I) is involved in membrane insertion and poreformation, the central domain (II) is involved in toxin-receptor interactions, and the galactosebinding domain (III) is involved in receptor binding and pore formation (Bravo et al. 2007).
Vip toxins—vegetative insecticidal proteins—are different from Cry toxins in that they
are secreted during the vegetative growth phase of Bt. Vip proteins have been classified into four
different families, Vip1 to Vip4 (Crickmore et al. 2016). The Vip toxins currently being used in
transgenic crops belong to Vip3.
The naming system used to identify and distinguish among Cry, Vip, and other proteins is
based on pairwise amino acid similarities within each toxin group (Crickmore et al. 2016). In this
system each toxin is labeled with a protein type and four ranks, with Arabic numbers used for the
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first and fourth ranks, an uppercase letter for the second rank, and a lowercase letter for the third
rank (ex: Cry3Bb1). Proteins sharing <45% amino acid identity are given a different first rank,
proteins sharing < 78% amino acid identity are given a different second rank, <95% are given a
different third rank, and >95% are given a different fourth rank. For example, Cry1Ab1 and
Cry1Ab2 would share >95% amino acid identity but Cry1Ab1 and Cry3Bb1 share <45% amino
acid identity. While this nomenclature system aids in classifying different toxins, it is not
necessarily representative of protein structure, host range, or even mode of action (Palma et al.
2014).
The process of genetically engineering a plant to express insecticidal proteins encoded by
genes from Bt can be accomplished a variety of ways depending on the type of plant. The
general process is outlined in Pedigo and Rice (2009) and will be briefly summarized here.
Recombinant DNA principles are used to transfer the gene responsible for producing Cry or Vip
toxins from Bacillus thuringienesis into a plant-cell chromosome and then the transgenic plant
cell is cultured and grown into a whole plant. This whole plant will produce seeds expressing the
toxin(s). To be commercialized, plant breeders need to backcross the transgene from the tissue
culture variety into an elite experimental line or variety to combine the transgenic technology
with high yielding and other desirable adaptive traits. The gene transfer can be accomplished
using a vector-bacterium such as Agrobacterium tumefaciens, biolistics (“gene gun”), zinc finger
nucleases, TALENs, or CRISPR. With A. tumefaciens, the isolated DNA fragment for the Cry or
Vip gene is transformed into a specific A. tumefaciens plasmid and then the transgenic A.
tumefaciens is used to transfer the toxin gene into a plant-cell chromosome. This procedure
works well for plants in the family Solanaceae, such as cotton, tobacco, tomato, and potato, and
was the process used by Monsanto to create Bollgard® cotton released in 1996. However, this
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method is not nearly as compatible with cereals and so “gene gun” technology has been used for
generating transgenic corn varieties. This method uses a burst of helium gas to propel tiny
particles coated with a Bt gene through plant-cell walls. Gene transfer using zinc finger
nucleases is said to significantly decrease the time required to develop new cultivars. This
process uses arrays of zinc finger proteins to target and cleave specific DNA sequences and
insert replacement DNA containing a Cry or Vip gene. Bt genes are transformed as different
events and include different promoter and terminator sequences that regulate when and where the
gene expresses itself in a plant.
The expression and concentration of Bt toxins within transgenic crops is known to vary
with plant type, plant tissue, plant phenology, environmental conditions and Bt protein type
(Adamczyk et al. 2001, Greenplate et al. 2003, Penn et al. 2001, Siebert et al. 2009). Among
specific Bt proteins, Cry1Ac concentration has been shown to decrease with tissue age in cotton
(Greenplate 1999, Siebert et al. 2009) while Cry1F concentration will generally increase (Siebert
et al. 2009). In transgenic corn, Cry1Ab expression was generally higher in younger plants (V6)
than older plants (VT) and that environment (Closed glasshouse, open glasshouse, or field) had a
significant influence on protein expression (Dutton et al. 2004). Heliothis/Helicoverpa larvae
have demonstrated the ability avoid Bt toxins in their diet post ingestion (Gould et al. 1991,
Horner et al. 2003) but Bt expression does not seem to influence oviposition behavior (Torres
and Ruberson 2006).

Benefits and risks of Bt technology
The benefits of widespread planting of transgenic corn can include protection of yield
from herbivory, farm-level cost savings, reduced herbicide and insecticide use, reduced impact
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on nontarget invertebrates, widespread suppression of certain insect pests, and possible benefits
to human health (Cattaneo et al. 2006, Kershen 2006, Marvier et al. 2007, Hutchinson et al.
2010, U.S. Environmental Protection Agency [U.S. EPA] 2010, Lu et al. 2012, Perry et al.
2016). Injury to corn ears increases the likelihood of infestation by mycotoxin-producing fungi
that result in several hundreds of millions of dollars in losses each year in the United States.
When Bt proteins are effective at reducing damage caused by ear-feeding pests, fungi infestation
and mycotoxin levels can be reduced (Dowd 2001). Dively et al. (2018) provided evidence for
the widespread suppression of H. zea and O. nubilalis in the Mid-Atlantic United States, as a
result of the area-wide adoption of Bt field corn. The reduction in pest populations was
associated with decreased economic injury to vegetable crops with decreases in the number of
recommended insecticidal applications and insecticides applied. Similarly, in the U.S. corn belt,
the widespread suppression of O. nubilalis was calculated to have saved >$3 billion for corn
growers and even >$2 billion in savings for non-Bt corn growers (Hutchinson et al. 2010). Lu et
al. (2012) used data from the agricultural regions of northern China to demonstrate that
decreased insecticide use associated with the planting of Bt cotton resulted in a marked increase
in the abundance of generalist arthropod predators and their biocontrol services. Furthermore,
they found evidence that these benefits “spilled over” into neighboring corn, peanut and soybean
fields.
While the reductions in insecticide use associated with planting Bt corn and cotton are
generally regarded as a positive outcome, it has likely played a role in the increased incidence of
non-target pests (e.g. hemipterans). In the southeastern United States, the adoption of Bt cotton
has been associated with an increased abundance of and damage from stink bug pests. Evidence
for the causes of this phenomenon point towards reduced mortality from insecticides as well as a
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release from competition with Bt-susceptible target pests (e.g. H. zea) (Zeilinger et al. 2015). Lu
et al. (2010) investigated the effects of the wide-scale adoption of Bt cotton in northern China.
Their analyses found that mirid bug (Heteroptera: Miridae) outbreaks were correlated with
increases in Bt cotton adoption and that Bt cotton fields had become a source of mirid bugs.
Despite these issues with non-target pests of Bt crops, these pests can be managed using
Integrated Pest Management (IPM).
The greatest perceived threat to the success and longevity of Bt crops is the development
of resistance by target pests (Carriére et al. 2010). To understand and manage resistance of target
pests to Bt crops it is necessary to understand how different Bt toxins work and how resistance to
them is manifested on both the mechanistic and population level.

Bt mode of action
Understanding the mode of action of Bt toxins as well as the mechanisms behind
resistance is crucial in enhancing their efficacy and ensuring their longevity. The mode of action
of Bt Cry toxins have been most studied using lepidopteran species including Manduca sexta,
Spodoptera exigua, Helicoverpa armigera, and H. zea (Bravo et al. 2007, Hernández and Ferré
2005, Knight et al. 1994). The primary mode of action of Cry toxins is widely accepted: when
susceptible lepidopteran larvae ingest Cry protein crystal inclusions they are solubilized in the
alkaline environment of the midgut, the inactive protoxins are cleaved by proteases (e.g. trypsin),
the activated toxins bind to specific receptors on the brush border membrane of midgut
epithelium columnar cells before inserting into the membrane, lytic pores form in the microvilli
of apical membranes, and then disruption and lysis of the midgut epithelial cells releases cell
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contents providing Bt spores a germinating medium leading to septicemia and eventually death
(Bravo et al. 2007).
Nonetheless, other models have been proposed for the mode of action of Cry proteins and
are described in detail by Vachon et al. (2012) and Palma et al. (2014). Briefly, there is evidence
to support a “sequential binding model” whereby activated toxins bind to cadherin-like receptors
and undergo a conformational change and proteolytic removal an α -1 helix forming an
oligomeric pre-pore structure that later binds to a secondary receptor (e.g. aminopeptidase)
forming a pore that leads to cellular and insect death. There is also some evidence to support a
“signaling-pathway model” whereby toxin binding to cadherin receptors triggers an Mg2+dependent and adenylyl cyclase/protein kinase A signaling pathway that results in necrotic cell
death. Additionally, recent evidence has contradicted the notion that the Cry protoxin is
“inactive,” instead demonstrating that the protoxin can exert toxic effects and can be more potent
than corresponding activated toxins against resistant insect strains (Tabashnik et al. 2015). It is
indeed probable that distinct Cry proteins interact differently in different lepidopteran species
and populations.
Generally, the most implicated receptor proteins involved with Cry toxin binding are
cadherins and aminopeptidases but also alkaline phosphatases, prohibitin, alpha amylases, and
alpha glycosidases (Palma et al. 2014). Many investigations have been conducted to determine
the specific binding sites of different Cry proteins in different lepidopteran pests. Karim et al.
(2000) found that H. zea was more susceptible to Cry1Ac and Cry1Ab than other Cry1 variants
or Cry2Aa and that these proteins showed high-affinity binding to the brush border membrane
vesicles (BBMVs) of H. zea and P. gossypiella. Furthermore, it was concluded that Cry1Aa,
Cry1Ab, and Cry1Ac (but not Cry2Aa) recognize the same binding site. Hernández and Ferré
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(2005) also found that in H. armigera, H. zea, and S. exigua the toxins Cry1Ac, Cry1Fa, and
Cry1Ja share a common receptor. Hernández-Rodriguez et al. (2013) used O. nubilalis and S.
frugiperda to demonstrate a shared binding on BBMVs for Cry1A.105, Cry1Aa, Cry1Ab,
Cry1Ac, and Cry1Fa. Understanding the target site of Cry toxins and the similarity between them
is important in being able to predict and delay the development of resistance.

Bt resistance and management
The developmental of resistance to pesticides is an increasingly urgent problem that
threatens the efficacy and longevity of essential pesticides as well as the well-being of human
health and agriculture worldwide (Tabashnik et al. 2014). Resistance has been defined as a
“genetically based decrease in susceptibility to a pesticide” and rather than being an all-ornothing phenomenon, it has been specified as “slight, marked, or complete” and “homogenous,
patchy, or rare” (Brent 1986, Tabashnik et al. 2014).
Resistance to Cry toxins has occurred in both the lab and the field and the most frequent
mechanism of resistance involves modifications in receptor binding (Ferré and Van Rie 2002).
Heckel et al. (2007) showed that resistance in H. virescens, P. gossypiella, and H. armigera is
caused by a mutation in the cadherin primary sequence preventing its normal localization in the
membrane. In P. xylostella, genetic data showed resistance was involved with a protoxinprocessing protease. Cadherin has been at least one of the receptors involved in Cry toxin
resistance in several other cases, with polymorphisms occurring in the cadherin gene in H.
virescens (Gahan et al. 2001), P. gossypiella (Morin et al. 2003), and H. armigera (Xu et al.
2005, Zhao et al. 2010). A recent study by Fabrick et al. (2014) associated mutations in the
cadherin gene with P. gossypiella resistance to Bt cotton in India while another study showed

12

both recessive and nonrecessive cadherin mutations in H. armigera in Bt cotton in China (Zhang
et al. 2012). The culmination of these and other studies provide strong support that the cadherin
gene is a leading target for DNA-based screening of resistance. Other recorded modes of
resistance have been reported with the receptor alkaline phosphatase (Caccia et al. 2012, JuratFuentes et al. 2011), an ABC transport protein (Tay et al. 2015), and elevated esterase levels
(Gunning et al. 2005). Resistance could theoretically occur at any step throughout Bt activation
and intoxication, as summarized in Figure 1.1.
Field-evolved resistance is defined as “a genetically based decrease in susceptibility of a
population to a toxin caused by exposure of the population to the toxin in the field” (Tabashnik
et al. 2009). For resistance to be demonstrated, it has to be experimentally verified that exposure
to Bt toxins in a field has resulted in the increased frequency of alleles conferring resistance in a
subsequent generation (Tabashnik et al. 2012). Evidence for field-evolved resistance exists for at
least 24 cases throughout the world in both single trait Bt corn and Bt cotton (Tabashnik et al.
2013). These cases include resistance of P. gossypiella to Cry1Ac and Cry2Ab in cotton the US,
S. frugiperda to Cry1F corn in the US, H. armigera to Cry1Ac and Cry2Ab cotton in China and
Australia, and H. zea to Cry1Ac, Cry1Ab and Cry2A cotton in the US (Reisig et al. 2018). In an
effort to mitigate and delay current and future field-evolved resistance to Bt crops, insect
resistance management (IRM) strategies have established.
The US Environmental Protection Agency defines IRM as a “term used to describe
practices aimed at reducing the potential for insect pests to become resistant to a pesticide” (US
EPA 2001). Several tactics have been suggested for IRM in Bt crops and include: 1) Moderate
toxin dosage to ensure survival of fraction of susceptible insects; 2) High toxin dosage to kill
insects heterozygous for resistance; 3) Using a pyramid (combination) of toxins; 4) Temporal or
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tissue-specific toxin expression; and 5) Provision of nontoxic plants (“refuge”) (Bates et al.
2005). Furthermore, the US EPA has identified seven elements that should be addressed in an
IRM plan for Bt crops: 1) Knowledge of pest biology and ecology; 2) Appropriate dose
expression strategy; 3) Appropriate refuge; 4) Resistance monitoring and a remedial action plan
should resistance occur; 5) Employment of integrated pest management (IPM); 6)
Communication and education strategies on use of the product; and 7) Development of
alternative modes of action (US EPA 2001).
The primary approach used worldwide to delay resistance to Bt crops has been the high
dose/refuge strategy (Tabashnik et al. 2012). This strategy is derived from the principle that
insect populations have a natural genetic variation in susceptibility to a toxin and that some
alleles confer susceptibility while others confer resistance. Furthermore, assumptions are made
such as that resistance alleles are rare in a population prior to Bt toxin exposure, that resistance is
recessive, and that there will be extensive random mating between any resistant individuals and
susceptible adults (Tabashnik et al. 2012). A high dose is such that Bt plants should kill at least
99.99% of susceptible insects in the field and that any surviving recessive resistant individuals
will mate with susceptible adults to produce heterozygous progeny that are also susceptible to Bt
crops (US EPA 2001). However, if a Bt plant does not express Bt toxins at a high dose it could
allow partially resistant individuals (individuals heterozygous for resistance) to survive,
increasing the frequency of resistance alleles in a population (US EPA 2001).
The goal of a refuge is to produce susceptible adults. A structured refuge is a portion of
the crops being grown that is non-Bt and the purpose is to produce susceptible adults in high
enough numbers (500:1) to ensure any resistant adults emerging from the Bt crops will mate with
susceptible adults. This strategy delays resistance because resistant alleles are removed the
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population. The US EPA has established refuge requirements that vary depending on factors
such as regional differences, crop type, number of Bt traits in a pyramid, and level of Bt dose in
the crop. Guidelines for optimizing the refuge design include refuge host type, relative placement
(seed mixes vs. in-field strips vs. external blocks), and proximity (US EPA 2001). Seed mixtures
(“refuge in a bag”) can be effective for ensuring the compliance of percent refuge but may have
significant drawbacks, such as cross-pollination resulting in Bt expression in refuge crops (Yang
et al. 2014) and facilitating an increase in dominance of resistance in pests like H. zea (Brévault
et al. 2015). In some regions and crops a structured refuge may play a minor role relative to the
abundance and distribution of natural refuges. This has been shown for H. zea on cotton in the
southern United States (Head et al. 2010). Success of the high-dose/refuge strategy in delaying
resistance has been reviewed (Huang et al. 2011) but much work is still needed to improve upon
its theory and implementation.
In order to effectively compare and implement IRM strategies for Bt crops the EPA relies
on mathematical models, which are dependent on both theory and empirical data. In 2000, EPA’s
FIFRA Scientific Advisory Panel (SAP) came to the consensus that models were an important
tool in determining IRM strategies and that “mathematical models were the only scientifically
rigorous way to integrate all of the biological information available, and that without these
models, the [Environmental Protection] Agency would have little scientific basis for choosing
among alternative resistance management options. However, Panel members felt that there was a
need to better define just how to weigh the results of models in decision making, and how to
judge the accuracy and applicability of specific models” (US EPA 2001). Furthermore, the Panel
also stated that IRM models are “only…as good as the data that are used to parameterize them”
(FIFRA SAP 2001). These decisions by the EPA and SAP demonstrate the importance of
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generating reliable data for implementation into IRM models and that without meeting
underlying model assumptions IRM strategies will not be successful at delaying resistance.
In the southern United States, Helicoverpa zea is a significant pest in numerous
agricultural crops and is managed in part by existing Bt traits. However, because H. zea is highly
mobile and is attracted to crops that employ Bt toxins, such as corn and cotton, a high proportion
of the population is expected to be exposed to Bt for multiple generations a year. Furthermore, in
the southern US corn and cotton produce many of the same or similar Bt proteins so IRM
programs for cotton should also include corn. Because of this high selection pressure it is critical
that IRM models for delaying resistance in H. zea are accurate and that there is empirical data to
satisfy the underlying model assumptions, but this is not always the case. For example, in
Cry1Ab corn where H. zea is a non-target pest, the high-dose requirement of killing 95% of
heterozygous individuals is not met because H. zea has an inherently lower susceptibility (Storer
et al. 2001). Additionally, selecting H. zea for resistance with Cry1Ac demonstrated dominant
inheritance of resistance (Tabashnik et al. 2008). The low inherent susceptibility of H. zea to
several Bt toxins has caused some to argue for a required refuge of at least 40% (International
Life Science Institute 1999).
H. zea resistance development is of particular concern because it is expected to evolve
resistance faster than other pests (Tabashnik et al. 2008) and in the southern United States refuge
compliance is often not met (Reisig 2017). Field-evolved resistance has been documented to
Cry1Ac cotton in the southern US (Ali et al., 2006, Tabashnik et al. 2008) and there is recent
evidence that resistance has developed to Cry1Ab in corn (Reisig and Reay-Jones 2015, Dively
et al. 2016). Two recent studies provide strong evidence for field-evolved practical resistance.
Dively et al. (2016) used Bt and non-Bt sweet corn sentinel plots in Maryland to monitor for
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changes in ear infestation, kernel damage, and larval development. Sweet corn expressing
Cry1Ab was monitored from 1996-2016 and sweet corn expressing Cry1A.105 + Cry2Ab2 was
monitored from 2010-2016. From the initial commercialization of both hybrids, larvae
successfully infested an increasing proportion of ears, consumed more kernel area, and
developed to later instars. Reisig et al. (2018) reported H. zea damage to Bt cotton bolls and
found that increased damage in North Carolina Bt-pyramided cotton fields in 2016 (Cry1Ac +
Cry1F and Cry1Ac + Cry2Ab2) resulted in increased insecticide field sprays for H. zea,
demonstrating practical resistance. They supported their field data with Cry1Ac (but not
Cry2Ab2) laboratory diet bioassay data against H. zea collected throughout the southeastern
United States, and showed large variation in susceptibility, but also evidence of widespread
resistance to Cry1Ac. The IRM strategies in place for managing the development of resistance in
H. zea rely on empirical evidence but there currently knowledge gaps that need to be addressed
to improve the modeling of resistance risk.
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Figure 1.1. Proposed models for Cry toxin mode of action with corresponding sites of known or possible
resistance. (Top) pore-formation model. (Bottom) Signaling transduction model. (From: Bravo and
Soberon 2008)
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CHAPTER TWO
EFFECTS OF BT CORN ON THE DEVELOPMENT AND FECUNDITY OF CORN
EARWORM (LEPIDOPTERA: NOCTUIDAE)1
Abstract
The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), is only moderately
susceptible to most toxins from the bacterium Bacillus thuringiensis (Bt) expressed in transgenic
corn. To better understand the impact of Bt corn on the life cycle of H. zea, we collected pupae
of H. zea during 2014-2016 in North Carolina, South Carolina, and Mississippi from corn
hybrids expressing Cry1Ab, Cry1F, Cry1F + Cry1Ab, Cry1F + Cry1Ab + Vip3Aa20, Cry1A.105
+ Cry2Ab2, and Cry1A.105 + Cry2Ab2 + Cry1F, as well as from non-Bt near isolines. We
investigated the effect of Bt corn on pupal weight, fecundity, and egg viability of H. zea. Pupal
weights were significantly reduced for males and females from all Bt hybrids compared with
non-Bt near isolines. Female pupae from the hybrid expressing Cry1F + Cry1Ab were also
significantly lighter relative to those from the near isolines expressing only Cry1F. Reductions in
pupal weight did not result in any detectable effects on fecundity or egg viability. The reduction
in pupal weight in the hybrids expressing Cry1F and Cry1F + Cry1Ab significantly declined
over time in South Carolina, possibly indicating developing resistance to these Bt toxins. These
data can be incorporated into insect resistance management models used to improve risk
management decisions regarding H. zea in Bt crops in the complex landscapes of the southern
United States.
KEY WORDS pupae, fecundity, egg viability, resistance
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Introduction
In 2017, 80% of the corn (Zea mays L.) grown in the United States was genetically
engineered to produce insecticidal proteins from the bacterium Bacillus thuringiensis (Bt)
(USDA Economic Research Service 2017). The benefits of widespread planting of transgenic
corn can include protection of yield from herbivory, farm-level cost savings, reduced herbicide
and insecticide use, reduced impact on non-target invertebrates, widespread suppression of
certain insect pests, and possible benefits to human health (Cattaneo et al. 2006; Kershen 2006;
Marvier et al. 2007; US EPA 2010; Hutchinson et al. 2010; Lu et al. 2012; Perry et al. 2016). In
1996, Bt corn was first commercialized in the United States to target the European corn borer,
Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae), and other stalk-boring pests (Koziel et al.
1993). The first Bt corn hybrids expressed only a single toxin (Cry1Ab or Cry1F) for aboveground pests while more recent Bt corn hybrids express multiple toxins, known as pyramids
(combinations of Cry1F, Cry1Ab, Cry1A.105, Cry2Ab2, and/or Vip3Aa20) (Carrière et al.
2015). Advantages that pyramided hybrids have over single-toxin hybrids can include reduced
crop damage, improved control of individual pest species, control of a broader range of pest
species, reduced size of associated non-Bt refuge, and reduced production of resistant
phenotypes in a given population (Carrière et al. 2010, 2015, 2016; Storer et al. 2012).
Single and pyramided Bt corn hybrids can control or suppress a range of insect pests,
including the corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), and fall
armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae). Helicoverpa zea is
one of the most common pests of corn and cotton (Gossypium hirsutum L.) in the southeastern
United States, though it is generally not an economic threat in corn (Cartwright 1939; ReayJones and Reisig 2014). Initial generations feed primarily in wild hosts before moving into the
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most preferred host: silk-stage corn (Hardwick 1965; Kennedy and Storer 2000; Head et al.
2010). Once silks have dried down, subsequent generations preferentially move into cotton,
soybeans, and wild hosts (Jackson et al. 2008; Head et al. 2010). In cotton, H. zea is a major pest
and often requires insecticidal sprays to be managed (Luttrell and Jackson 2012).
Currently, Bt corn hybrids and cotton varieties on the market express the same or similar
Bt proteins to control lepidopteran pests such as H. zea (Tabashnik et al. 2009; Que et al. 2010;
Von Kanel et al. 2016), and there is cross-resistance between some of these proteins (Wei et al.
2015; Welch et al. 2015). Furthermore, H. zea is inherently less susceptible to most current Bt
proteins relative to target pests such as the European corn borer (Storer et al. 2001; Siebert et al.
2012), and resistance to Cry1Ac, Cry1Ab, Cry1A.105, and Cry2Ab2 has developed in the field
(Tabashnik et al. 2013; Dively et al. 2016, Reisig et al. 2018). The main threat to the efficacy and
longevity of Bt crops is the development of resistance (Tabashnik et al. 2013). Insect resistance
management (IRM) for Bt crops relies on models to predict the development of resistance, which
directly influences the decisions of policy makers (FIFRA SAP 2001). These models require, and
are often missing, empirical data, such as how different Bt hybrids impact both target and nontarget pests.
Exposure to the insecticidal proteins expressed in Bt crops can have a variety of sublethal effects on lepidopteran pests. Storer et al. (2001) investigated the effects of corn
expressing Cry1Ab on H. zea in North Carolina during 1997-98, shortly after the introduction of
Bt corn. They found that 15-40% of larvae feeding on Cry1Ab corn would survive to the
prepupal stage and that survivors had delayed development and reduced pupal weight compared
with individuals that developed on non-Bt corn. Horner et al. (2003) also investigated the effects
of corn expressing Cry1Ab on H. zea in Maryland, Virginia, and North Carolina during 1996-
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1997 and found feeding on corn expressing Cry1Ab resulted in prolonged larval development,
smaller pupae, and reduced fecundity. Reisig and Reay-Jones (2015) conducted field trials
during 2012-2013 in North and South Carolina and found that feeding of H. zea on corn
expressing Cry1Ab did not reduce larval weight, the number of insects surviving to pupation,
pupal weight, time to eclosion, or the number of pupae successfully eclosing to adulthood; thus,
they posited that H. zea may be developing resistance to Cry1Ab in corn, which has been
confirmed by Dively et al. (2016). Sub-lethal effects such as these may have important
implications for population dynamics. For example, delayed development may result in possible
assortative mating among resistant adults (Liu et al. 1999), an effect which would violate a core
assumption of the refuge strategy in IRM for Bt crops (Gould 1998). Understanding the sublethal effects of exposure to insecticidal proteins in various Bt crops and how they influence
population dynamics are becoming increasingly important as models become more complex and
include aspects of population dynamics (FIFRA SAP 2001).
Our objectives were to determine the effects of single and pyramided Bt corn on pupal
weight, fecundity, and egg viability in populations of H. zea collected in Mississippi, South
Carolina, and North Carolina. Pyramided Bt corn and cotton have become increasingly prevalent
and have been replacing most of the single-Bt hybrids in the United States and other countries
(Tabashnik et al. 2013) and, thus, it has become increasingly important to understand the relative
impacts of these hybrids on the life history traits of H. zea.
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Materials and Methods
Field Experiments
Field studies were conducted from 2014-2016 at the Clemson University Pee Dee
Research and Education Center in Florence, SC, at the North Carolina State University Vernon
James Research and Extension Center in Plymouth, NC, and at the Mississippi State University
R. R. Foil Plant Science Research Center in Starkville, MS. Trials in each state were located in
areas of intensive agricultural production of field crops including corn, soybean (Glycine max
(L.) Merrill), and cotton. In 2017, planting of field crops in the counties where trials were located
totaled 36,927 ha in South Carolina, 35,510 ha in North Carolina, and 6,335 ha in Mississippi,
with an additional 260,195, 213,492, and 128,757 ha in surrounding counties in each state,
respectively (USDA FSA). The majority of corn and cotton in each state expressed one or more
Bt toxins. At each location, a randomized complete block design with four replications was used
with corn hybrid as the treatment. Transgenic corn hybrids expressing Bt toxins, as well as their
non-Bt near isolines, were obtained from Monsanto Company (St. Louis, MO) and DuPont
Pioneer (Johnston, IA) (Table 2.1). For the purpose of this study, families of non-Bt and Bt near
isolines that share the same background germplasm were grouped into three families (Table 2.1).
All treatment plots were planted in 8 rows. In South Carolina, corn rows were 15.2 m in
length, with a row spacing of 76 cm, and a 7.6 m fallow alley between blocks. Planting dates
were 9 April 2014, 6 April 2015, and 19 April 2016. In North Carolina, corn rows were 12.2 m
in length, with a row spacing of 91 cm, a 7.6 m alley in 2014-2015 and a 1.5 m alley in 2016.
Planting dates were 6 May 2014, 4 May 2015, and 11 May 2016. In Mississippi, corn rows were
12.2 m in length, with a row spacing of 97 cm, and 3 m alleys between blocks. Planting dates
were 25 April 2014, 4 May 2015, and 27 April 2016. Corn was irrigated as needed. Plant
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populations, fertilizer, and herbicide applications were used according to guidelines
recommended by the respective Cooperative Extension Service in each state.

Data Collection
For each family of hybrids, sampling of corn ears was initiated when a large (4th-5th
instar) larva of H. zea was found in a non-Bt plot, which was generally at the R3-4 (milk-dough)
stage. Fifty ears were collected from rows three and four of each plot, and ears containing lateinstar larvae were preferentially selected. When late-instar larvae were rare or could not be
found, such as in hybrids expressing Cry1Ab + Cry1F + Vip3Aa20, ears were collected at
random from the same rows within a plot. Because the majority of ears in the non-Bt hybrids
were infested with H. zea and a smaller proportion of ears in the Bt hybrids were infested, a
greater number of Bt ears were examined prior to sampling. Collected ears were then placed
upright in plastic storage containers (dimensions 60 x 41 x 30 cm) with ~8 cm of sifted fieldcollected soil. Ears remained upright in the containers to mimic field conditions, allowing larvae
exiting the ears to drop to the soil and pupate. Plastic containers were stored underneath an
outdoor shelter to protect containers from rainfall. TanglefootÒ (The Tanglefoot Company,
Grand Rapids, MI) was applied around the lip of the plastic containers to prevent larvae from
escaping, and hydramethylnon (AmdroÒ Granular Ant Bait, BASF Corporation, Florham Park,
NJ) was sprinkled around the perimeter of the shelter to prevent interference from fire ants. Once
a week, ears were temporarily removed from the containers and the soil was sifted to collect
prepupae and pupae. If larvae were collected during sifting, they were placed on top of the soil
after putting ears back in their upright position. Collected pupae were cleaned by suspension in a
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mild bleach solution (5% solution of laundry bleach) for 1-2 minutes, rinsed in deionized water,
and dried on a paper towel before being identified to sex and weighed.
Pupae collected from each plot were added to adult rearing chambers in a 3:1
(female:male) ratio, with a maximum of 30 pupae per container, except in trials in Mississippi
where all pupae from each hybrid were placed in a single container due to low numbers. Adult
rearing chambers were 1.9 L round, semi-transparent plastic deli containers (11 cm height, 16.5
cm diameter). The inner area of each lid was cut out and replaced with cheesecloth to serve as an
oviposition substrate. A 20% sucrose solution in cotton balls was provided ad libitum via a 50 ml
centrifuge tube placed through a hole halfway up the container wall. Adult rearing chambers
were held in growth chambers maintained at 27°C, 80% RH, and 14:10 (L:D) photoperiod.
Containers were checked daily. If eggs were laid, the cheesecloth was removed and placed in a
clean deli container in the growth chamber until hatching. Fresh cheesecloth was then replaced.
Dead moths and pupae were removed and sexed. Fecundity was calculated by counting the total
numbers of eggs laid per living female moth. Egg viability was determined by allowing eggs to
hatch and counting neonates or unhatched eggs.

Data Analyses
Male and female pupal weight, the numbers of eggs laid per female, and the proportion of
viable eggs were analyzed separately for each family of hybrids using a two-way analysis of
variance (ANOVA; PROC MIXED, SAS Institute, 2008) with corn hybrid, trial (combinations
of location and year), and their interaction as fixed effects. The variable trial was used rather than
separate location and year variables because not all hybrids were used in all locations and years
(Table 2.1). Replication within trial was used as a random effect (Littell et al. 2006). Means were
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separated using Tukey’s HSD (Tukey 1953). In the Pioneer family, data from hybrid expressing
Cry1F + Cry1Ab + Vip3Aa20 were excluded from the analyses because only six pupae were
collected across all trials. In order for the ANOVA models to run adequately, the hybrid
expressing Cry1A.105 + Cry2Ab2 + Cry1F (Dekalb 2) was not included in the analysis of pupal
weight because there were too many trials with no pupae collected. For the analysis of eggs per
female, data from Mississippi were excluded because too few females survived, and,
consequently, treatments were unreplicated. The analysis of egg viability only includes data from
North Carolina in 2015 and 2016 and South Carolina in 2016. Prior to analysis, data for eggs per
female were log-transformed to improve homogeneity of variances, and the proportions of viable
eggs were arcsine transformed to normalize their distribution (Zar 1999).
To test whether fecundity was influenced by pupal weight, linear regressions were
conducted for each hybrid with eggs per female as the dependent variable and female pupal
weight as the independent variable (PROC REG, SAS Institute 2008). Eggs per female were logtransformed to improve normality and homogeneity of variances.
Because pupal weight was significantly reduced in each Bt hybrid compared with the
near isoline non-Bt hybrid, linear regression analyses (PROC REG, SAS Institute 2008) were
performed to test whether the percent reduction in pupal weight changed over time. Percent
reduction of pupal weight was the dependent variable, and year was the independent variable.
Regression models were performed only if hybrids were planted and pupae were collected in all
three years for a given state. There were 36 possible hybrid x state x year combinations for
regression analysis, and data for seven of these combinations met our criteria.
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Results
A total of 4,172 pupae were collected across all years and states (including pupae not
used in mixed linear models as described in methods), with an average pupal weight of 0.381 ±
0.003 (SEM) g. Average pupal weight was not significantly different between males (0.388 ±
0.004 g) and females (0.378 ± 0.004 g; t = 1.61; df = 419, P = 0.1087). For hybrid family Dekalb
1, pupal weight averaged 0.408 ± 0.007 g (n = 813 pupae) in the non-Bt near isoline (non-Bt1 in
Table 2.1) and 0.341 ± 0.007 g (n = 502) in the Bt hybrid expressing Cry1Ab. For family Dekalb
2, pupal weight averaged 0.421 ± 0.006 g (n = 770) in the non-Bt near isoline (non-Bt2 in Table
2.1), 0.347 ± 0.007 g (n = 172) in the Bt hybrid expressing Cry1A.105 + Cry2Ab2, and 0.360 ±
0.009 g (n = 102) in the Bt hybrid expressing Cry1A.105 + Cry2Ab2 + Cry1F. For the Pioneer
family, pupal weight averaged 0.416 ± 0.007 g (n = 936) in the non-Bt near isoline (non-Bt3 in
Table 2.1), 0.377 ± 0.006 g (n = 486) in the Bt hybrid expressing Cry1F, 0.349 ± 0.005 g (n =
385) for the Bt hybrid expressing Cry1F + Cry1Ab, and 0.395 ± 0.067 g (n = 6) for the Bt hybrid
expressing Cry1F + Cry1Ab + Vip3Aa20.
Both male and female pupal weights for all Bt hybrids were significantly reduced
compared with their non-Bt near isolines (Fig. 2.1, Table 2.2). In family Dekalb 1, the effect of
trial on pupal weight was significant in both male and female pupae, and there was a significant
interaction between hybrid and trial for male pupae (Table 2.2). This significant interaction, as
well as the significant effect of trial, was driven by a greater reduction in pupal weight in corn
expressing Cry1Ab in Mississippi in 2015, especially in male pupae (50.7 ± 5.6%), compared to
non-Bt corn. Pupal weight reductions in H. zea that developed on corn expressing Cry1Ab
compared to non-Bt corn ranged from 8-24% in other trials. In family Dekalb 2, there was a
significant difference among trials for female pupae (P = 0.0369), but the differences among
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means were not significant when using the more conservative Tukey mean separation test. In the
Pioneer family, in addition to both male and female pupal weights being significantly reduced in
the Bt hybrid expressing Cry1F, the addition of Cry1Ab to Cry1F (pyramid Cry1F + Cry1Ab)
had an additional reduction in pupal weight for females, but not for males, relative to the Bt
hybrid expressing Cry1F alone (Fig. 2.1).
Of the 4,172 collected pupae across all years and states, 1,163 females survived to the
adult stage and were mated to produce a total of 104,260 eggs (including data from moths and
eggs not used in mixed linear models, as described in methods). The proportion of viable eggs
averaged across hybrids in North Carolina in 2015 and in North and South Carolina in 2016 was
0.491 ± 0.039. The main effect of hybrid was not significant for either fecundity or viability
(Table 2.3). Fecundity was significantly different among trials (Table 2.3) in families Dekalb 2
(more eggs were laid per female in North Carolina in 2015 than in South Carolina in 2015 or
North Carolina in 2014) and Pioneer (fewer eggs were laid per female in North Carolina in 2014
than all other trials). Egg viability was significantly different among trials in the Pioneer family,
with a greater proportion of eggs hatched in South Carolina in 2016 than in North Carolina in
2016.
Linear regression analyses relating the number of eggs laid per female to pupal weight
showed no significant relationship for all hybrids (P > 0.08; data not shown). Linear regression
analyses showed a significant association between year and reduction in pupal weight in Bt
hybrids relative to their non-Bt near isolines in two of seven models, with the difference in pupal
weight between non-Bt and Cry1F (y = 10,257 - 5.09*year; F1,22=9.54; P = 0.0054) and non-Bt
and Cry1F + Cry1Ab (y = 11,195 - 5.55*year; F1,20=6.21; P = 0.0216) in South Carolina
lessening over time. The five models which did not show a significant change in percent
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reduction in pupal weight were for pupae that developed on Cry1Ab in Mississippi, Cry1F and
Cry1F + Cry1Ab in North Carolina, and Cry1Ab and Cry1A.105 + Cry2Ab2 in South Carolina,
relative to their non-Bt near isolines.

Discussion
The main objective of these experiments was to test if development of H. zea on Bt corn
hybrids in the southeastern United States led to reduced pupal weight and if this effect impacted
the fecundity and egg viability of subsequent moths. Our results show a significant reduction in
pupal weight across all Bt hybrids relative to their non-Bt near isolines and that pupal weight had
no detectable effect on fecundity or egg viability. Pupal weight of other noctuid species has been
shown to be reduced by a variety of factors including temperature (Miller 1977), host plant
(Bessin and Reagan 1990; Liu et al. 2010), cannibalism (Joyner and Gould 1985), viral infection
(Myers et al. 2000), and sub-lethal insecticide exposure (Wang et al. 2009). Since the
introduction of Bt corn in the United States in 1996, a number of studies have demonstrated the
effect of Bt proteins in corn on reducing pupal weight. Storer et al. (2001) and Horner et al.
(2003) showed exposure to Cry1Ab in corn significantly reduced pupal weight by 33 and 6%,
respectively. Reisig and Reay-Jones (2015) found that pupae collected from Cry1Ab corn
weighed similarly to pupae collected from the non-Bt near isoline and hypothesized that this was
an indicator of H. zea developing resistance to Cry1Ab as compared with the findings of Storer
et al. (2001). The research presented here provides the most comprehensive study to date of the
effects of Bt corn on H. zea pupal weight. Across three states and three years of trials, we found
pupal weight to be significantly reduced in Bt corn expressing Cry1Ab, Cry1F, and in several
pyramided Bt hybrids.
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Published data are more limited on the effects of the more recently registered pyramided
Bt hybrids on H. zea life history characteristics than for single-protein Bt corn. Bt corn
expressing Cry1Ab was the first Bt trait registered in the United States in 1996 targeting
lepidopteran pests and was followed by events for Cry1F in 2001 and Cry1A.105, Cry2Ab2, and
Vip3Aa20 since 2008 (US EPA 2017). Pyramids comprise an increasing percentage of the Bt
corn acreage planted in the United States and abroad (Tabashnik et al. 2013). In SmartStax, the
addition of Cry1F to Cry1A.105 + Cry2Ab2 had no noticeable additional reduction in pupal
weight (Fig. 2.1), although analysis of Cry1A.105 + Cry2Ab2 + Cry1F corn was not included in
our mixed models (see Methods). In Optimum Intrasect, the addition of Cry1Ab to Cry1F
significantly reduced female pupal weight compared with both the non-Bt corn and corn
expressing Cry1F alone, indicating an additional effect of Cry1Ab on developing female pupae.
A similar trend of increasing toxicity by adding proteins to a pyramid was seen in the reduced
number of pupae collected in hybrids expressing Cry1A.105 + Cry2Ab2 + Cry1F and Cry1Ab +
Cry1F compared with Cry1A.105 + Cry2Ab2 and Cry1F, respectively. However, the data on
number of pupae cannot be definitively interpreted as ear sampling was not random in order to
maximize the number of pupae collected across trials, unless 50 infested ears could not be found
in a given plot. Nonetheless, we likely overestimated the number of pupae per ear in the Bt
hybrids compared with the non-Bt hybrids, because the majority of ears in the non-Bt hybrids
were infested with H. zea and a smaller proportion of ears in the Bt hybrids were infested, thus
requiring a greater number of ears to be examined prior to sampling. Hybrids expressing Cry1Ab
+ Cry1F + Vip3Aa20 had only limited kernel injury and the addition of Vip3Aa20 to Cry1Ab +
Cry1F greatly increased the toxicity to H. zea, as only six pupae were collected across all trials.
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To our knowledge, these are the first data indicating successful development of H. zea on corn
expressing Vip3Aa20.
Insect resistance is the primary threat to the sustainability of Bt crops and monitoring for
resistance by testing for shifts in susceptibility and/or sub-lethal effects is critical in allowing for
proactive management to be taken before field failures occur (Tabashnik et al. 2009). Thus, the
U.S. Environmental Protection Agency (EPA) requires all registrants of Bt crops to have an
insect resistance management (IRM) plan (Matten et al. 2012). The rate of evolution of insect
resistance depends on a number of biological, ecological, and genetic factors, including the life
history characteristics of each target pest. Reisig and Reay-Jones (2015) hypothesized H. zea
may be developing resistance to Cry1Ab because surviving pupae no longer had reduced weights
compared with non-Bt near isolines as shown in Storer et al. (2001) and Horner et al. (2003). Our
study was conducted at the two same locations as in Reisig and Reay-Jones (2015), and, in
addition to trials in Mississippi, confirms the reduction in pupal weight for H. zea feeding on Bt
corn hybrids expressing Cry1Ab. Despite this, Dively et al. (2016) provided strong evidence for
field-evolved resistance of H. zea to sweet corn expressing Cry1Ab and Cry1A.105 + Cry2Ab2
in trials in Maryland. The authors collected larvae of H. zea and injury data from sentinel Bt
sweet corn hybrids in field trials from 1996-2016 for sweet corn expressing Cry1Ab and from
2010-2016 for sweet corn expressing Cry1A.105 + Cry2Ab2. They showed significant
reductions in field performance using the proportion of damaged ears, kernel area consumed, and
larval development. Dively et al. (2016) did not weigh pupae after larvae developed on Bt sweet
corn in the field but did find that, in a colony established from a field population, there were
fitness costs, including decreased pupal weight. In our study, it was not clear whether the
surviving pupae we collected from Bt ears were smaller because of sub-lethal doses of Bt toxins
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impacting feeding and development, or if all/some of the surviving pupae were resistant to Bt
and had a fitness cost of being smaller. A combination of both is also possible if resistance was
incomplete (Carrière et al. 2010). Field-evolved, or field-selected resistance has been defined as
a genetically based decrease in susceptibility of a population to a toxin caused by exposure of the
population to the toxin in the field (Tabashnik et al. 2009). If the reduction in pupal weight is
caused by sub-lethal exposure and not just a fitness cost of pre-existing resistance, then changes
in these effects over time would suggest developing resistance. We conducted linear regression
analyses of the percent reduction in pupal weight of H. zea collected in Bt hybrids compared to
non-Bt near isolines across three years. Out of seven possible models (due to data limitations),
there were two cases of the reduction in pupal weight significantly lessening over time (pupae
that developed on Cry1F and Cry1F + Cry1Ab corn hybrids in South Carolina). This decrease in
susceptibility over time may indicate South Carolina populations of H. zea are developing
resistance to Cry1F and Cry1F + Cry1Ab. The significant decrease in the percent reduction in
pupal weight in Cry1F + Cry1Ab may be attributed to its concurrent use with Cry1F hybrids, a
practice that has been shown to speed insect adaptation to pyramided hybrids (Zhao et al. 2005).
Furthermore, the development of resistance to any single-protein hybrids may also facilitate
faster adaptation to other current or future pyramids in corn and cotton that express the same or
similar proteins (Brévault et al. 2013).
Although H. zea is generally not an economic pest in field corn (Cartwright 1939; Reay-Jones
and Reisig 2014), it is a significant pest in both Bt cotton and Bt sweet corn (Luttrell and Jackson 2012,
Shelton et al. 2013). All three Bt crops express the same or similar Bt toxins (Que et al. 2010; Shelton et
al. 2013) and the development of resistance to Bt will impact the management of H. zea in each crop. In
the southern United States, Bt corn, Bt cotton, and Bt sweet corn are often grown in the same geographic
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area and the majority of H. zea infesting late-season crops (such as cotton or late-planted sweet corn)
developed in field corn earlier in the season (Gould et al. 2002, Head et al. 2010). Therefore, H. zea
infesting Bt cotton and Bt sweet corn will be pre-selected on Bt field corn and this may influence
infestation rates and damage caused in Bt cotton (Von Kanel et al. 2016) and Bt sweet corn (Dively et
al. 2016). In recent years, there have been reports of elevated H. zea damage to Bt cotton, requiring
increased insecticide applications (Reisig et al. 2018). The development of resistance in H. zea and the
risks to crops in different geographic areas is also likely to vary due to differences in selection pressure
and natural variation in susceptibility to Bt toxins (Ali et al. 2006, Ali and Luttrell 2011, Reisig et al.
2018). Our results showed significant differences in pupal weights among locations and years, likely
reflecting either the natural variation among H. zea populations and/or differences in resistance
development. The rate of resistance will also be influenced by population dynamics including
immigration, migration, overwintering survival, and differences in fecundity.
Our experiments did not detect an influence of pupal weight on fecundity and egg
viability. The egg-laying data showed high variability among individuals, which may obscure
any underlying relationship between pupal weight and fecundity of moths from Bt and non-Bt
corn, as seen in other studies with Noctuid moths (Pashley et al. 1995; Johansen 1997, Storer
1999). In contrast, Horner et al. (2003) found that, in addition to a significant 6% reduction in
pupal weight for larvae feeding on Cry1Ab corn, there was a significant reduction in adult
female fecundity but no difference in the proportion of viable eggs. Our methodologies were,
however, slightly different from Horner et al. (2003) who analyzed fecundity as eggs/female/day
rather than total number eggs laid per female in our study.
Lepidopteran pupal weight has been associated with life history traits in a variety of other
systems (Honěk 1993). In the moth Streblote panda (Hübner) (Lepidoptera: Lasiocampidae),
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Calvo and Molina (2005) found a strong positive relationship between pupal weight, adult
weight, fecundity, and forewing length. Pupal weight of the sugarcane borer Diatraea
saccharalis (F.) (Lepidoptera: Pyralidae) varied significantly among host plant species and
correlated positively with fecundity (Bessin and Reagan 1990). Similar results have been
published with Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) (Leuck and Perkins
1972), Lymantria dispar (L.) (Lepidoptera: Erebidae) (Myers et al. 2000), and Helicoverpa
armigera (Hübner) (Lepidoptera: Noctuidae) (Reigada et al. 2016). Relationships have also been
demonstrated between pupal weight and adult flight capacity in the pink bollworm, Pectinophora
gossypiella (Saunders) (Lepidoptera: Gelechiidae) (Wu et al. 2006), although a study with the
black cutworm, Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae), did not detect such a
relationship (Lewis and Keaster 1989). There are likely other possible effects associated with
reduced pupal weight that have a significant impact on H. zea biology and ecology, such as
mating competitiveness, overwintering survival, diapause duration, and smaller F1 eggs and
larvae. These effects, whether sub-lethal or if demonstrated to be a fitness cost of resistance,
would likely influence the rate of evolution of resistance to Bt crops and need to be identified
and empirically tested in order to develop accurate and effective IRM plans. As such, fitness
costs of resistance are expected to slow or reverse the evolution of resistance (Carrière et al.
2001; Gould et al. 2006). Simulation models can identify the knowledge gaps related to these
biological and ecological factors and assist regulatory agencies in predicting the evolution of
resistance so that management decisions can be taken to mitigate development of resistance
(Matten et al. 2012). For example, delayed development on Bt crops may create a temporal
divide between adults emerging from Bt crops and adults emerging from a non-Bt refuge. This
developmental asynchrony would lead to assortative mating and, thus, violate a core assumption
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(random mating) of the refuge strategy. This would reduce the expected benefits of the refuge
strategy and possibly hasten the development of resistance (Liu et al 1999). Because host plant
can influence pupal weight and other biological characteristics, the types of wild hosts in a
“natural refuge” may influence how effective this strategy is.
In conclusion, pupal weight was consistently reduced among all Bt hybrids and further
reduced in female pupae by the addition of Cry1Ab to Cry1F. The reduction in pupal weight did
not result in any detectable effects on fecundity or egg viability and there was no significant
linear relationship detected between pupal weight and fecundity. Additionally, the percent
reduction in pupal weight significantly lessened over time in South Carolina in corn hybrids
expressing Cry1F and Cry1F + Cry1Ab, possibly indicating the development of resistance to
these hybrids in South Carolina. Future work should extend the monitoring of the effects of Bt
crops on H. zea pupal weights over time and investigate other life history characteristics
influenced by reduced pupal weight. Understanding the effects of single and pyramided Bt
hybrids on the biology of target pests will be critical in understanding and predicting how insect
resistance to Bt crops occurs and what management decisions can be made to slow or reverse the
rate of resistance to ensure the long-term sustainability of Bt technology in global agricultural
systems.
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Table 2.1. Corn hybrids planted in Florence, SC, Plymouth, NC, and Starkville, MS, in 2014-2016
Trade Name

Hybrid

Family

Bt Event

Bt Protein(s)

Non-Bt

DKC64-27

DK1

—

—

YieldGard VT Triple

DKC64-24

DK1

MON810

Cry1Ab

Non-Bt

DKC64-82

DK2

—

—

Genuity VT Double PRO

DKC64-89

DK2

MON89034, MON88017

Cry1A.105 + Cry2Ab2

Genuity SmartStax

DKC64-87

DK2

MON89034, MON88017, TC1507 Cry1A.105 + Cry2Ab2 + Cry1F

Non-Bt

P1319R

Pioneer

—

—

Herculex I

P1319HR

Pioneer

TC1507

Cry1F

Optimum Intrasect

P1319YHR

Pioneer

TC1507, MON810

Cry1F + Cry1Ab

Optimum Leptra

P1319VYHR Pioneer

TC1507, MON810, MIR162

Cry1F + Cry1Ab + Vip3Aa20

Family indicates grouping of near isolines of Bt and non-Bt hybrids
Family DK1 not planted in NC 2016. Family Pioneer not planted in MS in 2014.
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Table 2.2. ANOVA statistics for H. zea pupal weights from trials in Florence, SC, Plymouth, NC, and Starkville, MS, 20142016
Male
a

Family

Effect
df

Dekalb 1

Dekalb 2

Pioneer

Female

F

P

df

F

P

Hybrid

1,22

96.88

<.0001

1, 22

35.44

<.0001

Trialb

7,24

9.90

<.0001

7, 24

3.51

0.0098

Hybrid x Trial

7,22

2.67

0.0370

7, 22

0.70

0.6749

Hybrid

1,10

41.55

<.0001

1, 13

31.73

<.0001

Trial

8,27

1.67

0.1521

8, 26

2.50

0.0369

Hybrid x Trial

8,10

0.81

0.6077

8, 13

0.93

0.5249

Hybrid

2,44

13.29

<.0001

2,45

25.62

<.0001

Trial

7,24

2.09

0.0839

7,24

1.94

0.1063

Hybrid x Trial

14,44

1.49

0.1561

14,45

1.12

0.3646

a

Family indicates grouping of near isolines of Bt and non-Bt hybrids.
Trial coded as combinations of location-year.
Dekalb 1 includes corn expressing Cry1Ab. Dekalb 2 includes corn expressing Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 +
Cry1F. Pioneer includes corn expressing Cry1F, Cry1F + Cry1Ab, and Cry1F + Cry1Ab + Vip3Aa20. Each family includes a non-Bt
near isoline.
b
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In families Dekalb 2 and Pioneer, the Bt hybrids expressing Cry1A.105 + Cry2Ab2 and Cry1Ab + Cry1F + Vip3Aa20, respectively,
were not included in the analysis because of insufficient data.
Dekalb 1 was not grown in NC in 2016. Pioneer was not grown in MS in 2014.
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Table 2.3. ANOVA statistics for H. zea fecundity and egg viability from trials in Florence, SC, and Plymouth, NC, 2014-2016
Fecundity
Familya

Dekalb 1

Dekalb 2

Pioneer

a

Viability

Effect
df

F

P

df

F

P

Hybrid

1, 11

0.07

0.7959

1, 6

0.03

0.8699

Trialb

4, 15

2.71

0.0702

1, 6

0.04

0.8431

Hybrid x Trial

4, 11

2.16

0.1413

1, 6

0.22

0.6525

Hybrid

2, 21

0.97

0.3941

2, 10

2.72

0.1137

Trial

4, 15

10.58

0.0003

2, 9

0.01

0.9939

Hybrid x Trial

8, 21

0.73

0.6604

4, 10

0.99

0.4549

Hybrid

2, 34

1.55

0.2258

2, 18

1.24

0.3139

Trial

5, 18

9.01

0.0002

2, 9

7.33

0.0129

Hybrid x Trial

10, 34

1.96

0.0698

4, 18

1.66

0.2024

Family indicates grouping of near isolines of Bt and non-Bt hybrids.
Trial indicates variable coded as combination of location-year.

b
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Fig. 2.1. Mean (± SEM) H. zea male and female pupal weight in Florence, SC, Plymouth, NC,
and Starkville, MS, during 2014-2016. Hybrids from the same genetic background are grouped
into three families: (A: DK1) non-Bt1 and corn expressing Cry1Ab; (B: DK2) non-Bt2 and corn
expressing Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 + Cry1F; (C: Pioneer) non-Bt3
and corn expressing Cry1F, Cry1F + Cry1Ab and Cry1F + Cry1Ab + Vip3Aa20. Male and
female pupal weights were analyzed separately. Numbers within bars represent number of pupae
included in analyses. Where significance letters are not shown, data were not included in
analyses (see Methods). Bars with the same letter within each family were not significantly
different for males (lower case letters) and females (upper case letters).
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Fig. 2.2. Mean (± SEM) H. zea fecundity in Florence, SC, and Plymouth, NC, during 2014-2016.
Hybrids from the same genetic background are grouped into three families: (A: DK1) non-Bt1
and corn expressing Cry1Ab; (B: DK2) non-Bt2 and corn expressing Cry1A.105 + Cry2Ab2 and
Cry1A.105 + Cry2Ab2 + Cry1F; (C: Pioneer) non-Bt3 and corn expressing Cry1F, Cry1F +
Cry1Ab and Cry1F + Cry1Ab + Vip3Aa20. Numbers within bars represent the number of female
moths included in analyses. Bars with the same letter within each family were not significantly
different.
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Fig. 2.3. Mean (± SEM) H. zea egg viability in Florence, SC, and Plymouth, NC, during 20142016. Hybrids from the same genetic background are grouped into three families: (A: DK1) nonBt1 and corn expressing Cry1Ab; (B: DK2) non-Bt2 and corn expressing Cry1A.105 + Cry2Ab2
and Cry1A.105 + Cry2Ab2 + Cry1F; (C: Pioneer) non-Bt3 and corn expressing Cry1F, Cry1F +
Cry1Ab and Cry1F + Cry1Ab + Vip3Aa20. Numbers within bars represent the number of eggs
included in analyses. Bars with the same letter within each family were not significantly
different.
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CHAPTER THREE
SUSCEPTIBILITY OF CORN EARWORM (LEPIDOPTERA: NOCTUIDAE) TO CRY1A.105
AND CRY2AB2 IN NORTH AND SOUTH CAROLINA2

Abstract
The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), is managed in corn and
cotton in the United States primarily using transgenic cultivars that produce insecticidal proteins
from the bacterium Bacillus thuringiensis (Bt). However, increasing reports of resistance to one
or more Bt proteins threaten the continued efficacy of Bt traits. To better understand the
development of resistance of H. zea to Bt corn and cotton in the southeastern United States, we
monitored for resistance to Cry1A.105 and Cry2Ab2 among 22 field populations of H. zea
collected in non-Bt and Bt corn expressing Cry1A.105 + Cry2Ab2 during 2017 and 2018.
Colonies were established in the laboratory and progeny were screened in diet-overlay bioassays
to purified Cry1A.105 and Cry2Ab2 proteins. Compared with two susceptible laboratory
colonies, all 14 field colonies tested against Cry1A.105 were highly resistant, with resistance
ratios (RR) ranging from 13.5 to >4000. Against Cry2Ab2, 19 colonies were tested and RRs
ranged from 0.26 to 33.7. Field populations were significantly more susceptible to Cry2Ab2 than
Cry1A.105. We documented variability in F0 and F1 pupal weight and developmental rates of
natural populations of H. zea, but observed no significant correlation with susceptibility to either
Cry1A.105 or Cry2Ab2. Our results expand on the recent reports of H. zea resistance to Cry1A
and Cry2A proteins and will aid in the design and deployment of future pyramided crops in the
United States.
2

This article has been accepted for publication in the Journal of Economic Entomology published by Oxford
University Press.
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Key words Helicoverpa zea, corn, cotton, resistance

Introduction
The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), is a highly
polyphagous insect native to North and South America that is a major pest in a number of
agricultural cropping systems (Fitt 1989). In the southeastern United States, it rarely reduces
yield in timely planted field corn (Reay-Jones and Reisig 2014, Reay-Jones et al. 2016, Bibb et
al. 2018), but it is a major pest in cotton (Luttrell and Jackson 2012). In 1996, transgenic corn
and cotton expressing insecticidal proteins from the bacterium Bacillus thuringiensis (Bt) were
first deployed, producing the proteins Cry1Ab and Cry1Ac in corn and cotton, respectively (US
EPA 2018). The original target pests for Bt corn were the borers Ostrinia nubilalis (Hübner) and
Diatraea grandiosella (Dyar), while the original target pests for Bt cotton were Chloridea
virescens (Fabricius), Pectinophora gossypiella (Saunders), and H. zea (US EPA 1995, Storer et
al. 2001). In 2018, more than 80% of all corn and cotton planted in the United States expressed
one or more Bt toxins (USDA ERS 2018). The benefits of the widespread planting of Bt corn
and cotton can include reduced insecticide use, reduced impact on nontarget invertebrates,
protection of yield from herbivory, farm-level cost savings, widespread suppression of some
insect pests, and possible benefits to human health (Cattaneo et al. 2006, Kershen 2006, Marvier
et al. 2007, Hutchinson et al. 2010, US EPA 2010, Lu et al. 2012, Perry et al. 2016, Dively et al.
2018).
However, the increased adoption of Bt corn and cotton equates to increased selection
pressure, and the greatest threat to the continued success of Bt crops is the evolution of resistance
(Tabashnik 1994, Gould 1998). Because of the myriad benefits made possible by Bt crops and
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the importance of Bt foliar sprays in organic agriculture, the preservation of pest susceptibility to
Bt toxins is highly valued and considered a common property resource that should avoid
depletion (Mitchell and Onstad 2008). The development of field-evolved resistance to Bt corn
and cotton in H. zea in the United States has recently been reported (Dively et al. 2016,
Tabashnik and Carrière 2017, Reisig et al. 2018). To delay the development of resistance and
maintain pest susceptibility to Bt toxins, the Environmental Protection Agency (EPA) mandates
the implementation of an insect resistance management (IRM) plan for each commercially
registered Bt product (US EPA 2017). The current IRM strategy for Bt crops in the United States
comprises planting non-Bt “refuge” host plants, deploying cultivars with a “high dose” that kills
99.99% of susceptible insects in the field, and pyramiding toxins (Gould 1998, US EPA 1998).
Pyramids are Bt crops that produce two or more distinct Bt toxins active against the same pest,
and models have shown their use can reduce the amount of required refuge and further delay the
development of resistance (Roush 1998).
Insect resistance management for preserving H. zea susceptibility to Bt toxins faces a
number of challenges. No currently registered Bt toxin is consistently high dose, refuge
compliance for Bt corn is low, and the conditions that are important for the success of the
pyramid strategy are not met for H. zea (Storer et al. 2001, Burkness et al. 2010, Reisig 2017).
These include each toxin killing all, or nearly all, susceptible insects, there being no crossresistance among toxins in the pyramid, and that pyramids are not grown concurrently, or after,
single-toxin plants that produce one of the pyramid toxins (Zhao et al. 2005, Brévault et al. 2013,
Carrière et al. 2016). Cross-resistance varies among Bt toxins, but is generally strong among
Cry1A toxins and weak, but statistically significant, between Cry1A and Cry2A, Cry1F, or
Vip3A (Brévault et al. 2013, Welch et al. 2015, Carrière et al. 2016). Lastly, selection to the
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same or similar Bt toxins across multiple crops is especially pertinent for H. zea in the
southeastern United States. Populations of H. zea develop almost exclusively in corn for at least
one generation before moving to other crops, such as cotton, and both Bt corn and Bt cotton
express the same or similar Bt proteins (Gould et al. 2002, Jackson et al. 2008, Head et al. 2010,
Reisig et al. 2018, US EPA 2018).
An additional important component of IRM, and required of Bt crop registrants, is annual
monitoring of pest populations for the development of resistance. This includes investigating
reports of unexpected pest damage to Bt crops, as well as monitoring for changes in
susceptibility to Bt toxins (US EPA 2008). The goal of resistance monitoring is to provide an
early warning sign of resistance so that proactive remediation can occur (US EPA 2001,
Tabashnik et al. 2009, Head and Greenplate 2012). In addition to this goal, monitoring can assess
the effectiveness of existing IRM strategies and determine the magnitude and extent of
developing resistance. Since early warning signs of H. zea resistance were first reported over a
decade ago (Tabashink et al. 2008) and recent reports have demonstrated practical resistance to
Bt corn and cotton (Dively et al. 2016, Reisig et al. 2018), it has become essential to quantify the
magnitude and extent of resistance as well as the relative toxicity of Bt toxins. These elements
have important implications for the design and durability of pyramided crops and are necessary
for accurately modeling the development of resistance and understanding how to best deploy
future pyramids (Pan et al. 2015, Carrière et al. 2016, and Reisig and Kurtz 2018).
The goal of this study was to determine the magnitude, extent, and variation in the
development of resistance of H. zea populations to Cry1A.105 and Cry2Ab2 in the southeastern
United States. These, or similar toxins, are expressed in the majority of Bt corn and cotton
pyramids planted globally, and earlier studies have documented the relative susceptibilities of H.
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zea to these proteins (Ali et al. 2006, Ali and Luttrell 2007, Sivasupramaniam et al. 2008, Dively
et al. 2016, US EPA 2018). Thus, changes in susceptibility can be inferred. Additional objectives
of this study were to investigate the geographic variability in H. zea susceptibility and the
relationship between susceptibility and developmental and environmental parameters, such as
pupal weight, development rate, and the planted acreage of corn and cotton.

Materials & Methods
Insect Collection and Rearing
A total of 25 field populations of H. zea were collected from Bt and non-Bt corn in North and
South Carolina throughout the 2017 and 2018 growing seasons (Table 3.1, Fig. 3.1). The
majority of fields were located in the dominant corn and cotton growing counties of North and
South Carolina, as indicated by maps of corn and cotton production in these states (USDA NASS
2018). In 2017, 13 field populations were collected, two of which never successfully produced
progeny for use in laboratory bioassays. In 2018, 12 field populations were collected, one of
which never successfully produced progeny for use in bioassays. All field populations consisted
of collections from corn ears of 80-120 mature larvae, mostly 5th-6th instar, but always 3rd instar
and older, as these are considered putatively resistant when collected from Bt crops (Venette et
al. 2000). The proportion of ears infested was calculated for fields in 2018 only. Infestation
sampling for most fields comprised four replicates of 50 ears from different parts of a field. Ears
were rated as infested if larvae (3rd instar or older) were collected or if significant (>1 cm2 tip or
kernel) ear feeding injury was present. For non-Bt fields in North Carolina, H. zea infestation
was determined from end of season injury. Several leaf samples from infested plants were
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individually tested to confirm positive expression of Cry2A using ELISA strips (Envirologix
Inc., Portland, ME).
In both 2017 and 2018, two susceptible laboratory colonies from separate rearing
facilities were obtained as eggs for use as susceptible reference colonies. The H. zea laboratory
colony from Benzon Research (Carlisle, PA) was originally collected by the United States
Department of Agriculture Laboratory in Stoneville, MS in ≈1990. It has been kept in isolation
since at least 2000 and has had no exposure to any insecticides since its original collection (Chad
Finkenbinder, personal comm.). The H. zea laboratory colony from Frontier Scientific Services
(Newark, DE) was originally procured by The DuPont Company (Johnston, IA) in the mid- to
late 1980s. It has been in continuous production since 1998 when it underwent a single-pair
mating screen to eliminate all lethal and sub-lethal diseases from the population and has since
been kept in isolation with no exposure to any insecticides (Michael Vella, personal comm.).
After H. zea larvae were collected from ears in the field, they were immediately placed
individually in 30 ml plastic cups containing a wheat germ-based artificial diet sealed with a
breathable paper lid. The wheat germ-based diet used in this study was comprised of a total
macronutrient content (protein + digestible carbohydrates) of 50% with a protein: carbohydrate
ratio of 1.6:1. Larvae were held in a reach-in incubator (Percival Scientific Inc., Perry, IA) at
26°C, 80% RH, 14:10 (L:D) until pupation. Pupae were sterilized in a mild bleach solution (5%
solution of laundry bleach in tap water) for 1-2 min, rinsed in deionized water, and then dried on
a paper towel before being weighed and identified to sex. Pupae were then placed individually in
clean 30 ml plastic cups to record individual development time. Within 24 hr of adult emergence,
moths for each population were added to adult rearing chambers in an approximately 3:1
(female:male) ratio, with a maximum of 30 moths per container. Adult rearing chambers were
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round, semi-transparent plastic deli containers (11 cm height x 16.5 cm diameter; 1.9 L). The
inner area of each lid was cut out and replaced with cheesecloth to serve as an oviposition
substrate. A 20% sucrose solution was provided for moths ad libitum by saturating sterilized
cotton balls held in 50 ml centrifuge tubes placed through a hole halfway up the container wall.
Adult rearing chambers were held in the same incubators as larvae and pupae. Containers were
checked daily and if eggs were laid, the cheesecloth was removed and placed in a clean deli
container in the growth chamber until hatching.
The majority of bioassays were conducted primarily using F1 progeny. If not enough F1
larvae were available to complete 3 or 4 replicates, F2 larvae were used. To determine the
average development rate (egg to adult) for each field population, F1 neonates (<24 h old) were
placed individually in 128-well bioassay trays (C-D International, Pitman, NJ) with ~750 µl of
wheat germ-based artificial diet. Trays were covered with ventilated clear plastic lids (C-D
International, Pitman, NJ). After 7-8 d, larvae were transferred to 30 ml plastic cups containing
additional artificial diet until pupation. Rearing of mature larvae to adult emergence was
conducted as described above for F0 collection.

Bt Toxins
Purified Cry1A.105 and Cry2Ab2.820 (hereby referred to as Cry2Ab2) proteins were
provided as liquid formulations by Monsanto Company (St. Louis, MO). Cry1A.105 is a
chimeric protein that consists of domain I and II from Cry1Ab or Cry1Ac, domain III from
Cry1F, and the C-terminal domain from Cry1Ac (Biosafety Clearing-House, 2014). Cry1A.105
was produced by fermentation of Escherichia coli containing the pMON96851 expression
plasmid, and the formulation had a stock concentration of 1.2 mg/ml at 80% purity. Cry2Ab2
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was produced by fermentation of Escherichia coli containing the pMON70520 expression
plasmid, and the formulation had a stock concentration of 0.36 mg/ml at 87% purity. Each
protein was diluted using their respective CAPs buffers (provided by Monsanto Company).

Diet Overlay Bioassays
Diet overlay bioassays were used to estimate the susceptibility of each field-collected and
susceptible laboratory colony. In 2017, 11 and 8 field-collected colonies were tested with
Cry1A.105 and Cry2Ab2, respectively. In 2018, 9 and 11 field-collected colonies were tested
with Cry1A.105 and Cry2Ab2, respectively. Diet overlay bioassays were conducted using 128well bioassay trays (C-D International, Pitman, NJ) with approximately 750 µl of wheat germbased artificial diet in each well (as described above). Each tray was a replicate comprising eight
concentrations (including control), with 16 larvae per concentration per replicate. For each Cry
toxin and each H. zea colony, 3-4 replicates were used with replicates being conducted over at
least two separate days. Concentrations of each Cry protein were prepared using their respective
buffers. Untreated controls consisted of buffer only. Because of the high variability in
susceptibility between populations, concentrations of Cry1A.105 and Cry2Ab2 were adjusted
between colonies and sometimes, though rarely, adjusted between replicates to achieve adequate
mortality according to the susceptibility of a given colony. When concentrations were adjusted
between replicates, data from a given concentration were not used if only a single replicate of
that concentration was conducted. The concentration range for Cry1A.105 was between 0.008
and 40 µg/cm2 and typically included 0.0008, 0.008, 0.08, 0.4, 0.8, 4, 8, and 16 µg/cm2. The
concentration range for Cry2Ab2 was between 0.00087 and 17.4 µg/cm2 and typically included
0.00087, 0.0087, 0.087, 0.435, 0.87, 2.61, 4.35, 8.7, 13.05 µg/cm2. To each well, 100 µl of either
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buffer (control) or Cry solution was applied, and trays were nutated to evenly distribute the
applied solution before being placed underneath a fume hood fan for 90-120 min until trays had
dried (but before diet began to pull away from the well walls).
Immediately following drying, neonate (<24 hr) larvae were placed individually into
wells using a fine-tipped paintbrush. Trays were covered with ventilated clear plastic lids (C-D
International, Pitman, NJ) and held in an incubator at 26°C, 80% RH, 14:10 (L:D). Every 1-2 d,
trays were randomly moved throughout the incubator. After seven days, larvae were rated for
mortality and mortality + stunting. Mortality was defined as a failure to respond to prodding by
paintbrush or forceps. Stunting was defined as failure to molt to either second or third instar. The
response metric of mortality + stunting was used to estimate the median molt-inhibitory
concentration (MIC) for either second (MIC-2) or third (MIC-3) instar. For lepidopterans with
low to moderate susceptibility to Bt toxins, such as H. zea, an assay period of seven days is often
not long enough to kill even highly susceptible insects using the toxin concentrations available
for this study. Thus, the MIC is a more meaningful response criterion than mortality, sensu
stricto and has been used by a number of different authors (Siegfried et al. 2000, Ali et al. 2006,
Anilkumar et al. 2009, Welch et al. 2015). To determine growth inhibition, surviving larvae were
pooled within each concentration and replicate and weighed.
To calculate resistance ratios (RR), MIC50 values of field-collected colonies were
compared with those from the susceptible laboratory colony Benzon within each year. Benzon
was chosen as the reference colony over Frontier because of better model fit and common use in
related studies (Welch et al. 2015, Dively et al. 2016, Deans et al. 2017, Reisig et al. 2018). Each
susceptible laboratory colony was tested alongside field-collected colonies in bioassays each
year and against each protein. Despite efforts to keep the methods as similar as possible across
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both years of bioassays, it is likely that all the testing conditions (temperature, humidity, diet,
etc.) were not exactly the same and that these conditions may have had some influence on the
bioassay results. Thus, comparisons of MIC50 values between susceptible laboratory and fieldcollected colonies were made within each year and protein, with comparisons across years made
using RR data and not MIC50 data. Since only two years of susceptibility data were recorded,
temporal trends in susceptibility were not analyzed.

Statistical Analysis
For each year, Cry toxin, and H. zea population, concentration-response regressions were
estimated for both MIC-2 and MIC-3 response criteria using probit analysis (PROC PROBIT;
SAS Institute 2008). Natural mortality rate was modeled with the OPTC and LOG10 options and
the distribution was specified as normal. Analyses included data from concentrations between
the lowest to cause 100% mortality and the highest to cause 0% mortality, and when control
mortality of a given replicate was <20%. In order to determine the best response metric between
MIC50-2 and MIC50-3 for resistance ratio (RR) calculations, the relative precision of the 95%
confidence intervals for MIC50-2 and MIC50-3 values were calculated as the width of the 95% CI
divided by the MIC50 value and analyzed using a paired t-test (PROC TTEST, SAS Institute
2008). The RRs and their 95% CI were calculated for each field-collected population according
to Robertson and Preisler (1992) using the laboratory colony Benzon as the susceptible
reference. A RR was considered significant if the 95% CI did not include 1.0.
Pairwise correlation analyses were used to examine the relationships (1) among larval
response criteria (MIC50-2, MIC50-3), (2) between MIC50-2 and developmental parameters (pupal
weight, pupal duration, and egg-adult duration), and (3) between MIC50-2 and environmental
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parameters (planted hectares of corn and cotton) (PROC CORR; SAS Institute 2008). The
planted area of corn and cotton used in correlation analyses was the 2015-2017 average per
county and included the total corn and cotton production for North and South Carolina (USDA
NASS 2018).
Pupal weights were compared among sexes and among generations using a paired t-test
with each colony tested during 2017 and 2018 as a replicate (PROC TTEST, SAS Institute
2008). Because developmental times were not recorded in 2017, the effect of sex and generation
on developmental times were analyzed using a paired t-test with each colony during 2018 as a
replicate (PROC TTEST, SAS Institute 2008). Given that a single cohort of 80-120 individuals
was collected from each location, no replicates existed to allow comparisons of developmental
parameters among colonies using t-tests, and therefore 95% confidence intervals were calculated
for each colony for pupal weights (both years), development rates of F0 and F1 pupae and F1 egg
hatching to adult duration (2018 only). A chi-square test was used to compare the average pupal
weight for the three colonies collected on non-Bt corn and the 18 colonies collected on Bt corn.
The percentage of growth inhibition of larvae feeding on Cry1A.105 or Cry2Ab2-treated
artificial diet after seven days was calculated as in Huang et al. (2006): growth inhibition (%) =
100 x (larval weight on negative control diet – larval weight on Cry protein treated diet) ÷ (larval
weight on negative control diet). Growth inhibition data expressed as proportions were arcsine
transformed (arcsine(sqrt(x)) and analyzed using one-way analysis of variance with colony as the
main effect (PROC MIXED, SAS Institute 2008). For Cry1A.105, ANOVA was conducted at
the lowest concentration of 0.001 µg/cm2. For Cry2Ab2, ANOVA was conducted at the lowest
concentration of 0.01 µg/cm2 used for all colonies. Comparison among colonies was made using
the Tukey’s HSD test at a=0.05.
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Results
A total of 21,940 larvae across 22 populations were screened against purified Cry1A.105
or Cry2Ab2 and used in analyses to estimate median molt inhibitory concentrations and growth
inhibition.

Comparison of Larval Mortality Response Metrics
MIC50-2 and MIC50-3 values for each colony were significantly correlated in bioassays
using Cry2Ab2 (r = 0.63; df = 11; P = 0.04), but not Cry1A.105 (r = 0.74; df = 6; P = 0.10). The
precision of the 95% CI for both MIC50-2 and MIC50-3 values was not significantly different for
either Cry1A.105 (t = -1.08; df = 18; P = 0.29) or Cry2Ab2 (t = 1.28; df = 14; P = 0.22). Because
the MIC50-3 response criterion was more stringent, more replicates had to be removed from the
analyses due to control mortality or poor model fit. Related studies have more often used failure
to molt to second instar (MIC-2) as the response criterion; therefore, we report here MIC50,
resistance ratios, and other correlation analyses using the MIC-2 response metric.

Susceptibility of Field-Collected Populations to Cry1A.105 and Cry2Ab2
Across both years and proteins, the susceptible laboratory colonies Benzon and Frontier
were generally equally susceptible. Neither was consistently more susceptible than the other, and
differences in susceptibility (within year and protein) ranged from 1.2- to 6.3-fold (Tables 3.2
and 3.3). Combining data across years, the mean Cry1A.105 MIC50 values for Benzon and
Frontier were 0.04 and 0.10 µg/cm2, respectively. The mean Cry2Ab2 MIC50 values for Benzon
and Frontier were 0.31 and 0.14 µg/cm2, respectively.
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Among populations of H. zea collected from Bt corn expressing Cry1A.105 + Cry2Ab2
during 2017 and 2018, MIC50 values for larvae tested against purified Cry1A.105 ranged from
1.01 to >40 µg/cm2 (Table 3.2). Two colonies were collected from non-Bt corn and had
Cry1A.105 MIC50 values of 0.98 and 11.39 µg/cm2. The two susceptible laboratory colonies,
Benzon and Frontier, had Cry1A.105 MIC50 values ranging from 0.009 to 0.16 µg/cm2 across
both years. Seven of the 20 probit models had MIC50 values exceeding the maximum tested
concentration of either 8, 24.8, 32, or 40 µg/cm2 (Table 3.2). Resistance ratios across both years
for Cry1A.105 ranged from 76 to >4310 for colonies collected on Bt corn (Table 3.2).
For colonies tested against purified Cry2Ab2, MIC50 values for colonies collected on Bt
corn across both years ranged from 0.11 to 5.99 µg/cm2. Three colonies were collected from
non-Bt corn and had MIC50 values ranging from 0.40 to 8.63 µg/cm2. The two susceptible
laboratory colonies had MIC50 values ranging from 0.072 to 0.45 µg/cm2 (Table 3.3). No colony
tested against Cry2Ab2 had an MIC50 value exceeding the maximum tested concentrations.
Resistance ratios ranged from 0.26 to 48.53. Interestingly, the colony with the highest MIC50 and
RR was collected from a small plot of non-Bt sweet corn on Clemson University’s Student
Organic Farm in Pickens Co., SC (Fig. 3.1). While every field-collected colony tested against
Cry1A.105 had a significant resistance ratio (RR 95% CI did not include 1.0), three fieldcollected colonies (across both years) tested against Cry2Ab2 had RR that were not significant,
and one colony had a significant RR that was less than 1.0, indicating it was significantly more
susceptible than the susceptible reference laboratory colony Benzon (Table 3.3).
To determine the relative toxicity of Cry1A.105 to Cry2Ab2, we compared the MIC50
95% CI of four field-collected populations of H. zea where the data were available for each
protein, model fit was adequate, and MIC50 did not exceed the maximum concentration tested.
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These populations included Dillon, Florence, and Johnston in 2017 and Robeson in 2018. For the
three colonies except Robeson in 2018, the MIC50 95% CI did not overlap between Cry1A.105
and Cry2Ab2, reflecting significantly higher susceptibility to Cry2Ab2. The overall mean MIC50
values (excluding values that exceeded the highest concentration tested) for field colonies tested
against Cry1A.105 and Cry2Ab2 were 9.8 ± 2.8 [SEM] µg/cm2 and 2.6 ± 0.6 [SEM] µg/cm2,
respectively (data not analyzed).
The percentage of larval growth inhibition was significantly different among colonies
feeding on 0.001 µg/cm2 Cry1A.105 (F10, 30.5 = 9.59; P < 0.0001) and 0.01 µg/cm2 Cry2Ab2 (F12,
43

= 3.65; P = 0.0008). The susceptible laboratory colony Benzon had greater larval growth

inhibition than all other colonies for both Cry1A.105 (Table 3.2) and Cry2Ab2 (Table 3.3; Fig.
3.2). Frontier had significantly greater larval growth inhibition than Darlington, Orangeburg, and
Wayne colonies for Cry1A.105 (Table 3.2) and did not differ from any field colonies for
Cry2Ab2 (Table 3.3).

Developmental Parameters and Relationship to Cry Susceptibility
F0 pupae were those that were collected as mature larvae feeding on Bt or non-Bt corn
and finished development on untreated artificial diet. F1 pupae were reared entirely on untreated
artificial diet. Across both years, 1,747 F0 pupae and 1,669 F1 pupae were weighed and sexed.
Male and female pupal weights were not significantly different for either the F0 (t = 1.45, df =
17, P = 0.17) or F1 (t = 0.38, df = 16, P = 0.71) generation, thus both sexes were pooled. The
mean F0 pupal weight (425.7 ± 5.2 mg) was significantly higher than mean F1 pupal weight
(406.6 ± 5.4 mg) (t = 2.31, df =16, P = 0.03). Pupal weights were highly variable among
populations with no overlap of 95% CI for numerous colonies (Fig. 3.3). While F1 pupae
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weighed significantly less than F0 pupae, there was no consistent association in weight difference
between generations (r = -0.21, df = 15, P = 0.41) (Fig. 3.3). Cry1A.105 MIC50 values were not
significantly correlated with either F0 pupal weight (r = 0.15, df = 7, P = 0.72) or F1 pupal weight
(r = 0.12, df = 7, P = 0.78). Similarly, Cry2Ab2 MIC50 values were not significantly correlated
with either F0 (r = -0.28, df = 14, P = 0.33) or F1 (r = -0.41, df = 14, P = 0.14) pupal weight.
Mean F1 pupal weight of three colonies collected on non-Bt corn (410.8 ± 13.3 mg SEM) was
not significantly higher than the mean pupal weight of 18 colonies collected on Bt corn (404.4 ±
5.4 mg SEM), based on a 2x2 contingency table (c2=0.058 , P=0.81)
Because male development duration was significantly longer than for females for both F0
pupae (t = -11.5, df = 11, P < 0.0001) and F1 egg-adult (t = -10.57, df = 10, P < 0.0001), sexes
were analyzed separately. Cry1A.105 and Cry2Ab2 MIC50 values did not significantly correlate
with either pupal or egg-adult duration for either males or females (pairwise correlation analysis,
P > 0.53) (Figs. 3.4 and 3.5), except for the correlation between female pupal duration and
Cry1A.105 (r = 0.98, df = 3, P = 0.01).

Environmental Parameters and Relationship to Cry Susceptibility
For Cry1A.105, MIC50 values did not significantly correlate with the 2015-2017 average
acreage of planted corn (r = 0.44, df = 3, P = 0.56) or cotton (r = -0.57, df = 3, P = 0.61). For
Cry2Ab2, MIC50 values did not significantly correlate with the 2015-2017 average area of
planted corn (r = -0.11, df = 6, P = 0.84) or cotton (r = 0.55, df = 6, P = 0.14). Additionally, the
percentage of ears infested by H. zea (Table 3.1) did not significantly correlate with MIC50
values for Cry1A.105 (r = 0.91, df = 3, P = 0.09) or Cry2Ab2 (r = 0.03, df = 7, P = 0.95).
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Discussion
Monitoring for insect resistance to Bt crops is an essential component of an IRM
program. The goal of resistance monitoring is to provide an early warning sign of resistance so
that proactive remediation can occur, as well as assessing the effectiveness of existing IRM
strategies and determining the magnitude and extent of existing insect resistance (US EPA 2001,
Head and Greenplate 2012, Tabashnik et al. 2014). Field-evolved resistance has been defined as
a heritable decrease in susceptibility of a population to an insecticide caused by exposure of the
population to the insecticide in the field (National Research Council 1986, Tabashnik et al.
2009). Resistance is commonly detected indirectly by comparing the susceptibility of a
population with a history of relatively high insecticidal exposure to the susceptibility of
conspecific populations that have had less exposure (Tabashnik 1994). In light of recent reports
of H. zea practical resistance to Bt proteins produced in corn and cotton (Dively et al. 2016,
Tabashink et al. 2017, Reisig et al. 2018), it has become increasingly essential to measure the
magnitude of resistance across a broader geographical range, and determine the relative toxicity
of pyramided proteins—a key component of current IRM programs.
In the current study, we monitored for the development of resistance of H. zea in North
and South Carolina to Cry1A.105 and Cry2Ab2 using diet-overlay bioassays. MIC50 ratio tests
indicated that numerous field populations had significantly decreased susceptibility to both
Cry1A.105 and Cry2Ab2, likely indicating the development of field-evolved resistance to these
proteins. The use of resistance ratios (RR) is a standard practice to determine the relative
susceptibility of populations and to study the magnitude of insecticide resistance (Robertson and
Preisler 1992, Tabashnik et al. 2014). High RRs more strongly support the development of
resistance and RRs >10 are more likely to reflect a genetically based decrease in susceptibility
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(Tabashnik 1994, Tabashnik et al. 2014). In our study, across two years of data, all 14 of our
field-collected colonies (those where fit of probit models was adequate) tested against
Cry1A.105 had RR >10. For the colonies collected from Bt corn, RR values for Cry1A.105
ranged from 76 to >4310. Tested against Cry2Ab2, seven of the 18 colonies had RRs >10,
ranging from 0.26 to 33.7 when collected from Bt corn. To calculate RRs, comparisons between
susceptible and field colonies were made within each year and protein to control for possible
inter-year variability in methodology (see Methods). However, using the most conservative (least
susceptible) laboratory colony between years for each protein, RR values for Cry1A.105 ranged
from 6.3 to >250, with 13 colonies having a RR > 10. Using the least susceptible colony across
both years for Cry2Ab2, RR values ranged from 0.24 to 19.14, with four colonies having a RR >
10. Additionally, when using Benzon as the comparator each year for Cry2Ab2 susceptibility
(Tables 3.2 and 3.3), three colonies did not have a significant RR and one field-collected colony
(Dillon county) had a significant RR that was less than 1.0, indicating it was significantly more
susceptible to Cry2Ab2 than the susceptible laboratory colony Benzon (Table 3.3). These data
support our use of the laboratory colony Benzon as a susceptible reference colony, as used in
previous studies with H. zea (Welch et al. 2015, Dively et al. 2016, Deans et al. 2017, Reisig et
al. 2018).
We sampled H. zea populations from both Bt and non-Bt corn. Collecting H. zea from Bt
corn is essential to resistance monitoring because resistant individuals in the field are most likely
to be found surviving on Bt crops, and failure to sample from Bt crops would underestimate the
frequency of resistance (Tabashnik et al. 2008b). Additionally, in the southern and southeastern
United States, H. zea populations are almost entirely restricted to corn for at least one generation
before moving to other hosts, such as cotton (Fitt 1989, Gould et al. 2002, Jackson et al. 2008,
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Head et al. 2010). Given that over 80% of the corn and cotton planted in the United States
produce one or more Bt toxins, and since Bt corn and Bt cotton produce the same or similar Bt
toxins, H. zea populations infesting Bt cotton will likely be those surviving similar selection on
Bt corn (US EPA 2018, USDA ERS 2018). In Darlington and Barnwell counties (SC), we
collected H. zea populations from both non-Bt and Bt corn on the same farm and, in every
instance, those collected from Bt corn had higher RR values for both proteins, as expected. Even
though the Bt and non-Bt hybrids were near-isolines only at the Darlington location, the
difference between the colonies from Bt and non-Bt corn likely reflects the selection and
elimination of most susceptible individuals from the population feeding on Bt corn. In Pickens
County (SC), we collected H. zea from a small plot of non-Bt sweet corn. This colony had very
high RR values for both Cry1A.105 (RR = 1219) and Cry2Ab2 (RR = 48.5) and it was the least
susceptible colony we tested for Cry2Ab2. These data suggest that field-evolved resistance to
Cry1A.105 is widespread and established among H. zea populations across the landscape. Our
data also suggest that the development of resistance to Cry2Ab2 is present in some populations,
but to a lesser extent than for Cry1A.105.
Prior studies have published monitoring data of H. zea to Bt proteins. Perhaps most
notable are a series of studies by Luttrell and colleagues from 1992-2006, before and after the
commercialization of Bt corn and Bt cotton (Luttrell et al. 1999, 2004; Luttrell and Ali 2007, Ali
et al 2006, Ali and Luttrell 2007). These studies collected H. zea populations from several states
in the southern and southeastern United States from Bt (after commercialization) and non-Bt
crops and used diet-incorporated bioassays containing Cry1Ab, Cry1Ac, and Cry2Ab2. First,
they revealed that H. zea populations in 1992-1993 had a wider range of variation in
susceptibility than two other common pests, C. virescens and Plutella xylostella (Linnaeus)
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(Lepidoptera: Plutellidae). This aligns with our results, which show a large variation in Bt
susceptibility. For Cry1A.105 and Cry2Ab2 across both years, we detected a >56-fold and 130fold difference in RRs, respectively, of populations collected from Bt corn. When Luttrell et al.
(1999) bioassayed H. zea populations in 1992-1993, the maximum RR was 1.2 for Cry1Ac, and
they concluded that field-collected colonies were as susceptible as laboratory-reared colonies to
both Cry1Ac and Cry1Ab. When H. zea populations were collected and bioassayed again in
2003-2006, 14 colonies had RRs >100 to Cry1Ac (Luttrell and Ali 2007, Tabashnik et al. 2009).
Their data revealed a significant decrease in H. zea susceptibility to Cry1Ac after nearly a decade
of exposure and selection in the field. Similarly, our results show a significant decrease in
Cry1A.105 susceptibility after over 20 years of Cry1A exposure and selection in the field, which
has also been demonstrated by practical resistance to Cry1Ab and Cry1A.105 + Cry2Ab2 in
sweet corn (Dively et al. 2016).
Because Cry1A.105 is a chimeric protein consisting of domains I and II from Cry1Ab or
Cry1Ac, domain III from Cry1F, and the C-terminal domain from Cry1Ac, cross-resistance is
expected and selection with one should increase survival with another. Accordingly, this has
been demonstrated for Cry1A.105 and Cry1Ac (Brévault et al. 2013, Welch et al. 2015, Carrière
et al. 2015). Availability of susceptibility data of H. zea to Cry1A.105 is more limited than that
for Cry1Ac, but baseline susceptibility was submitted by Monsanto as part of the registration
document for Cry1A.105 in corn (US EPA 2008). Using diet-overlay bioassays, LC50 (dead +
larvae weighing <10 mg) values were 0.256 µg/cm2 for a laboratory colony and ranged from 0.01
to 0.54 µg/cm2 for 26 field-collected populations. Our bioassay methodology and mortality
criterion were similar and we report Cry1A.105 MIC50 values with a mean of 9.0 ± 3.7 [SEM]
µg/cm2 (when excluding models with poor fit and MIC50 values that exceeded the maximum
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concentration tested). When also including the least susceptible colonies whose MIC50 values
exceeded the maximum concentration tested (using the maximum concentration as the MIC50),
the mean MIC50 was 17.8 ± 4.0 µg/cm2 (range = 0.98 - >40 µg/cm2). Given these high MIC50
values and the cross-resistance among Cry1A proteins, it is a strong indicator of decreased
susceptibility after a long history of exposure in the field.
Decreased susceptibility of H. zea to Cry2Ab2 has also been reported. Ali and Luttrell
(2007) investigated H. zea baseline susceptibility to Cry2Ab2 and collected populations from the
field from 2003-2006, from which the planted area of cotton producing Cry1Ac and Cry2Ab2
increased from 40,000 to >1 million ha in the United States (Ali and Luttrell 2007, Monsanto
2008). Tabashnik et al. (2009) calculated RRs using these data and determined that, over this
time period, the proportion of field-collected colonies with RR>10 increased from zero to onehalf. We report seven of 18 tested colonies with RR>10 against Cry2Ab2 (mean MIC50 = 2.8 ±
0.6 µg/cm2 (SEM), range = 0.11 – 8.63 µg/cm2) (excluding models with poor fit). Our results
support a decrease in H. zea Cry2Ab2 susceptibility in some populations but also indicate that,
because of greater decreases in Cry1A susceptibility, H. zea is now more susceptible to Cry2Ab2
than Cry1A.105 (or Cry1Ac). This result is in contrast to previous research. Ali and Luttrell
(2007) were able to test the same 61 H. zea colonies to both Cry1Ac and Cry2Ab2. While the
mean LC50 values were not significantly different among proteins, they concluded (because of
laboratory colony susceptibility) that H. zea seemed to be less sensitive to Cry2Ab2 than
Cry1Ac. Evidence for this same conclusion has also been reported elsewhere (US EPA 2002,
Sivasipramamian et al. 2008, Brévault et al. 2013). Our mean (± SE) Cry1A.105 and Cry2Ab2
MIC50 values for all colonies were 17.8 ± 4.0 µg/cm2 and 2.8 ± 0.6 µg/cm2, respectively
(including the colonies least susceptible to Cry1A.105 and excluding those with poor model fit).

84

Additionally, of the four field-collected colonies where data were available for each protein,
model fit was adequate, and MIC50 did not exceed the maximum concentration tested, three
colonies had Cry1A.105 MIC50 values that were greater than for Cry2Ab2 MIC50 based on nonoverlapping 95% confidence intervals. It is likely that this difference in susceptibility to
Cry1A.105 and Cry2Ab2 reflects both a greater and longer exposure of H. zea to Cry1A proteins
and/or differential resistance mechanisms in H. zea to these two toxins. Cotton producing
Cry1Ac was registered in 1995, corn producing Cry1Ab was registered in 1996, and corn
producing Cry1A.105 was registered in 2008, with all of these proteins being in continuous use
since their commercialization. Traits with Cry2Ab2 were registered in cotton in 2002 and corn in
2008 (US EPA 2018). Furthermore, every single Bt corn or cotton pyramid registered in the
United States expresses one Cry1A protein (Carrière et al. 2015, US EPA 2018). This decreased
susceptibility and difference in relative toxicity of Cry1A.105 and Cry2Ab2 to H. zea has
important implications for the success of the pyramid strategy in IRM programs.
Pyramided Bt crops can more effectively control pests and reduce crop damage, but their
role in IRM for delaying resistance is premised, in part, on each toxin in the pyramid killing all
or nearly all susceptible insects (Carrière et al. 2016). If resistance develops to one protein in a
pyramid because of either past or concurrent exposure to that single protein, it will accelerate the
development of resistance to the pyramid (Zhao et al. 2005). This was demonstrated
experimentally when H. zea selected with Cry1Ac had increased survival on Cry1Ac + Cry2Ab2
cotton compared to individuals that had not been selected (Brévault et al. 2013). It is probable
that past and concurrent Cry1A exposure is at least part of the reason there has been a rapid
decrease in susceptibility to these Bt toxins, especially Cry1A toxins. In the registration for
Cry1A.105 + Cry2Ab2 (event MON 89034) corn, it was reported that each of the proteins
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provide 90-95% control of H. zea, and kernel feeding bioassays resulted in 91% mortality (USA
EPA 2008). Corn and cotton producing Vip3A were first registered in 2008. Because it can
approach high dose against H. zea, Vip3A can be extremely valuable for H. zea control in corn
and cotton and for improving IRM (Burkness et al. 2010). However, H. zea susceptibility to
Vip3A is threatened by lack of non-Bt refuge compliance in corn, resistance to other pyramided
proteins, and commercialization in both corn and cotton (Tabashnik and Carrière 2017, Reisig
and Kurtz 2018). Bilbo et al. (2018) reported successful development of H. zea in the pyramid
Vip3A + Cry1Ab + Cry1F and Reay-Jones et al. (2016) showed how kernel injury on Vip3A
pyramids varies throughout the southeastern and southern United States. The durability and
utility of Vip3A is thus threatened when it is deployed in pyramids where resistance to the other
proteins has already developed.
In conjunction with the evidence for resistance in our laboratory diet bioassays, recent
studies evaluating field efficacy of Bt crops provide even stronger support for resistance. Dively
et al. (2016) used Bt and non-Bt sweet corn sentinel plots in Maryland to monitor for changes in
ear infestation, kernel damage, and larval development. Sweet corn expressing Cry1Ab was
monitored from 1996-2016 and sweet corn expressing Cry1A.105 + Cry2Ab2 was monitored
from 2010-2016. From the initial commercialization of both hybrids, larvae successfully infested
an increasing proportion of ears, consumed more kernel area, and developed to later instars.
Dively et al. (2016) monitored H. zea on Bt sweet corn expressing Cry1A.105 + Cry2Ab2, the
same Bt toxins expressed in field corn we sampled larvae from and the same proteins used in our
diet bioassays. The decreasing efficacy of these Bt toxins against H. zea in their field trials
supports the evidence we present that H. zea susceptibility to Cry1A.105 and, to a lesser extent
Cry2Ab2, has significantly decreased and that resistance to these and similar toxins is likely
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widespread. Reisig et al. (2018) reported H. zea damage to Bt cotton bolls and found that
increased damage in North Carolina Bt-pyramided cotton fields in 2016 (Cry1Ac + Cry1F and
Cry1Ac + Cry2Ab2) resulted in increased insecticide field sprays for H. zea, demonstrating
practical resistance. They supported their field data with Cry1Ac (but not Cry2Ab2) laboratory
diet bioassay data against H. zea collected throughout the southeastern United States, and
showed large variation in susceptibility, but also evidence of widespread resistance to Cry1Ac.
In our study, we also determined the percentage of ears infested by H. zea at each of our
collection sites in 2018. Infested ears were those where we collected large larvae or where there
was significant ear feeding. From both non-Bt and Bt ears, only a single field had less than 10%
of ears infested. Two adjacent counties in North Carolina had fields with 71% and 95% of Bt
corn ears infested and the colonies established from these populations had RR>10 for both
Cry1A.105 and Cry2Ab2. These infestation data contrast with the greater than 90% control
efficacy reported in the registration document for Cry1A.105 + Cry2Ab2 corn (USA EPA 2008).
One additional objective of our experiments was to investigate the sub-lethal effects of
larval feeding on Cry protein treated diet. Based on growth inhibition (weight of surviving
larvae), the differences between the susceptible laboratory colonies and field colonies was
greater for Cry1A.105 than Cry2Ab2, reflecting the results of our susceptibility data (Fig. 3.2).
For Cry2Ab2, the two susceptible colonies had less growth inhibition than the two susceptible
colonies tested against Cry1A.105. The field colonies tested against Cry2Ab2 had greater growth
inhibition than larvae of the field colonies tested against Cry1A.105. Another additional
objective of our experiments was to calculate the variability in pupal weight and development
rate of field-collected populations and determine if the variation is associated with Cry protein
susceptibility (MIC50 values). Bilbo et al. (2018) demonstrated how H. zea pupal weight is
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reduced after feeding on single and pyramided Bt corn. In their study, it was uncertain whether
the pupae from Bt corn ears had reduced weight because of sub-lethal effects, fitness costs of
resistance, or a combination of both. In this study, we revealed the variation in pupal weights of
H. zea collected from Bt and non-Bt corn, with numerous colonies having no overlap of their
95% confidence intervals. F1 pupal weights were generally less than F0 pupal weights, but there
was no significant correlation between the two, and the reduced F1 pupal weights could have
been a result of rearing on artificial diet rather than corn ears, one of their most preferred host
plants. Furthermore, neither F0 nor F1 pupal weights correlated with susceptibility to Cry1A.105
or Cry2Ab2. Egg-to-adult (F1) development rate varied slightly among field colonies, but
drastically between the laboratory and field colonies. This difference may indicate a fitness cost
of resistance in the field colonies or it may be an artifact of the rearing history of the laboratory
colonies. Cry protein susceptibility was also compared with the development rates of F0 pupae,
F1 pupae, and F1 egg-adult duration and there was no significant correlation with susceptibility
(except for a significant correlation between Cry1A.105 MIC50 and female pupal duration,
although this correlation only included four data points), indicating that variability in
developmental parameters cannot be explained by susceptibility alone. Future experiments
testing this hypothesis could be improved by artificially infesting F1 neonates on non-Bt corn
ears instead of artificial diet, which would improve interpreting any potential fitness costs of
resistance and their relationship to Cry protein susceptibility. Cry protein susceptibility could
also not be explained by the planted area of either corn or cotton for each county. H. zea is
capable of long-range migration and in the southeastern United States H. zea successfully
overwinters as pupae (Roach 1981, Fitt 1989). Thus, any given population will comprise a
combination of overwintering and migrant individuals, which may differentially contribute

88

resistant alleles to a local population, obscuring local landscape effects. Furthermore, our study
did not take into account other potentially important landscape features that may contribute to
susceptibility, such as the availability of non-crop hosts or soil type and rainfall, which may
influence pupal survival or crop attractiveness. While the planted area of Bt crops and related
selection pressure play a role in the development of resistance in a population, more detailed
landscape ecology studies are needed to better understand the spatial and temporal variability in
susceptibility to Bt toxins.
Bt corn and cotton remain highly efficacious against target pests such as O. nubilalis, C.
virescens, and P. gossypiella where there has been no decrease in susceptibility in the United
States (Tabashnik and Carrière 2017). However, the durability of Bt toxins against H. zea is
eroding and resistance of this insect to Bt toxins is becoming widespread. Results from our
laboratory diet bioassays on field-collected populations of H. zea demonstrate decreased
susceptibility and the development of resistance to Cry1A.105 and, to a lesser extent Cry2Ab2,
throughout North and South Carolina and support the findings of recent field studies
demonstrating practical resistance to pyramided Bt crops (Dively et al. 2016, Reisig et al. 2018).
The development of H. zea resistance may hasten and become less predictable in the future with
the effects of climate change and hybridization with invasive species such as Helicoverpa
armigera (Hübner) (Anderson et al. 2017, Venugopal and Dively 2017). However, insect
resistance can also be delayed or reversed by implementing an IRM program and when other
conditions are present, such as fitness costs of resistance (Carrière and Tabashnik 2001,
Gassmann et al. 2009). Current IRM for H. zea in Bt crops has been unsuccessful because all
currently commercialized Bt toxins (except Vip3A) do not approach high dose, refuge
compliance has not been met, and pyramids do not meet the conditions necessary for their
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durability against H. zea. The problems with high dose and effective pyramids may be mitigated
in the future with new biotechnology, such as RNAi and new Bt toxins. Refuge compliance may
be improved by marketing and availability of high-yielding non-Bt refuge corn hybrids (Reisig
2017). Another proposed strategy for ensuring refuge compliance is using seed mixtures (also
known as refuge-in-a-bag, RIB), although it is uncertain whether this strategy will delay or
hasten the evolution of resistance for H. zea (Yang et al. 2014, Carrière et al. 2016, Onstad et al.
2018). The selection pressure of Bt toxins can also be reduced by incorporating other IPM tactics
suitable for a given system (e.g. cultural controls, enhancement of natural enemies, sterile insect
technique) (Meissle et al. 2011). Maintaining the susceptibility of insect pests to Bt toxins is the
ultimate goal of IRM for Bt crops and resistance monitoring provides an update on the status of
insect resistance and the effectiveness of an existing IRM program so that future IRM programs
can be improved, and ensure the benefits to human health, the environment, and the economy
that Bt crops provide.
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Table 3.1. Laboratory and field-collected populations of H. zea from Bt and non-Bt corn in North and South Carolina, 2017-2018.
Population
Ears Infested (%) ±
Year
State
County
Collection source
Collection date
d
number
SEa
2017 and 2018 Lab colony maintained by Benzon 2017 and 2018 Lab colony maintained by Frontier 2018
SC
Barnwell
2
Non-Bt
6/21/18
76 ± 4.4
3
Cry1A.105 + Cry2Ab2
6/21/18
19 ± 4.1
2017 and 2018 SC
Darlington
8,9
Non-Bt
7/7/17, 7/7/18
23.5 ± 3.5
10,11
Cry1A.105 + Cry2Ab2
6/28/17, 7/3/18
10 ± 1.6
2018
SC
Charleston
5
Cry1A.105 + Cry2Ab2
7/2/18
31 ± 2.1
2017
SC
Dillon
13
Cry1A.105 + Cry2Ab2
6/27/17
2017b
SC
Florence
12
Cry1A.105 + Cry2Ab2
7/20/17, 7/16/18
10 ± 2.9
2017 and 2018 SC
Lee
6,7
Cry1A.105 + Cry2Ab2
6/26/17, 7/5/18
3 ± 0.6
2018
SC
Orangeburg
4
Cry1A.105 + Cry2Ab2
7/2/18
11.5 ± 1.7
2018
SC
Pickens
1
Non-Bt
6/29/18
54.8 ± 11.3
2017
NC
Duplin
18
Cry1A.105 + Cry2Ab2
6/23/17
2017 and 2018 NC
Johnston
Non-Bt
100e
17,16
Cry1A.105 + Cry2Ab2
6/26/17, 6/27/18
94.5 ± 2.2
2017 and 2018 NC
Robeson
Non-Bt
40e
14,15
Cry1A.105 + Cry2Ab2
6/30/17, 6/27/18
12.5 ± 3.8
2017 and 2018 NC
Wayne
Non-Bt
80e
20,19
Cry1A.105 + Cry2Ab2
6/30/17, 6/27/18
71 ± 3.3
2017
NC
Washington
Non-Bt
12.5 ± 2.5f
21
Cry1A.105 + Cry2Ab2
7/27/17
2017
NC
Washington #2c Non-Bt
85.5 ± 2.5f
22
Cry1A.105 + Cry2Ab2
7/28/17
Only collected populations that produced progeny for bioassays are listed.
Colonies established from counties in both 2017 and 2018 came from different fields.
a
Ear infestation data for 2018 only. Ears rated as infested if mature (3rd instar+) larvae collected or significant feeding present.
b
Populations collected from Florence county in 2017 and 2018, but only the 2017 colony produced progeny for bioassays.
c
Collected from NCSU Vernon James Research Center in Plymouth, NC.
d
Indicates numbered location in Fig. 3.1.
e
Calculated from end of season damage in 2018. No larvae were collected for bioassays.
f
Calculated from end of season damage in 2017. No larvae were collected for bioassays.
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Table 3.2. Susceptibility of laboratory and field populations of H. zea collected in North and South Carolina to purified Cry1A.105 protein overlaid on
artificial diet, using the response criterion MIC-2 (failure to molt to 2nd instar).
MIC50
Growth inhibition (%) ±
Resistance
Year
Colony
N
χ2
Slope ± SE
MIC50 (95%CI)
RR (95%CI)
Ratio (RR)
(µg/cm2)
SE at 0.001 (µg/cm2)
2017
Benzon
564
12.13
1.95 ± 0.36
0.072
0.025-0.124
1.00
0.52-1.92
n/a
2017

Frontier

927

27.55*

1.85 ± 0.30

0.16

0.09-0.24

2017

Darlington

318

9.31

1.19 ± 0.49

>8

n/a

2017
2017
2017
2017
2017
2017
2017

Darlington (non-Bt)
Dillon
Duplin
Florence
Johnston
Lee
Robeson

256
619
509
501
381
251
509

3.65
7.13
18.66*
7.67
8.12
n/a
6.20

0.48 ± 0.13
0.72 ± 0.12
0.87 ± 0.21
0.78 ± 0.11
1.13 ± 0.18
n/a
0.69 ± 0.17

0.98
30.02
19.69
5.52
18.80
n/a
>32

0.06-3.48
16.52-79.59
8.15-140.8
3.59-8.62
12.28-35.52
n/a
n/a

2017

Washington

254

2.55

0.77 ± 0.26

>24.8

n/a

2017

Washington #2

250

27.94*

1.16 ± 0.58

18.63

2017

Wayne

767

10.83

0.90 ± 0.12

2018

Benzon

602

2.19

2018

Frontier

512

2018

Barnwell

2018

2.25

1.24-4.10

n/a

>111

n/a

n/a

13.48
414.37
271.79
76.27
259.53
n/a
>445

2.44-74.36
173.2-991.6
96.98-761.8
40.51-143.6
130.7-515.3
n/a
n/a

n/a
n/a
n/a
n/a
n/a
n/a
n/a

>345

n/a

n/a

n/a

257.21

56.42-1172

n/a

>32

n/a

>445

n/a

n/a

1.63 ± 0.14

0.0093

0.007-0.012

1.00

0.69-1.44

85.1 ± 2.0 a

6.01

1.75 ± 0.16

0.04

0.03-0.05

4.26

2.85-6.35

67.5 ±1.9 ab

255

2.79

0.95 ± 0.25

2.09

0.81-4.71

223.54

99.73-501.1

50.5 ± 9.2 abc

Charleston

126

1.43

2.06 ± 0.47

1.60

0.86-2.62

171.30

97.25-301.7

50.5 ± n/a abc

2018

Darlington

640

8.41

0.94 ± 0.17

>40

n/a

>4310

n/a

25.4 ±3.6 c

2018

Johnston

511

42.68*

n/a

>40

n/a

>4310

n/a

32.7 ± 3.6 bc

2018

Lee

511

23.99*

0.63 ± 0.17

6.67

0.72-93.06

714.46

176.1-2899

29.2 ± 12.4 bc

2018

Orangeburg

692

28.12*

0.97 ± 0.29

1.01

0.03-2.64

108.72

35.66-331.5

23.6 ± 5.2 c

2018

Pickens (non-Bt)

364

11.94

0.84 ± 0.21

11.39

4.65-63.83

1219.85

518.4-2870

30.4 ± 0.6 bc

2018

Robeson

477

8.81

0.81 ± 0.15

1.66

0.78-2.85

177.96

91.88-344.7

36.6 ± 16.6 bc

2018
Wayne
766
6.11
1.68 ± 0.32
>40
n/a
>4310
n/a
30.5 ± 5.3 c
All collections made from Bt corn ears expressing Cry1A.105 + Cry2Ab2 unless otherwise stated. *Chi-square values are significant at P<0.01. “n/a” indicates
that value could not be calculated due to insufficient data for model, or that data were not available. Mean values with the same letter were not significantly
different at a=0.05 (Tukey’s HSD test). Resistance ratios calculated as MIC50 of the field colonies divided by MIC50 of the susceptible laboratory colony Benzon.
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Table 3.3. Susceptibility of laboratory and field populations of H. zea collected in North and South Carolina to purified Cry2Ab2 protein overlaid on
artificial diet, using the response criterion MIC-2 (failure to molt to 2nd instar).
MIC50
Growth inhibition (%) at
MIC50 (95%
Resistance
Year
Colony
N
χ2
Slope ± SE
RR (95%CI)
CI)
Ratio (RR)
(µg/cm2)
0.01 (µg/cm2)
n/a
2017
Benzon
495
7.74
1.36 ± 0.13
0.451
0.323-0.604
1.00
0.65-1.57
2017

Frontier

304

11.46*

1.28 ± 0.33

0.072

n/a

0.16

0.06-0.44

n/a

2017

Darlington

383

6.80

1.96 ± 0.40

4.72

3.26-6.15

10.57

6.89-16.23

n/a

2017

Dillon

224

3.60

0.98 ± 0.17

0.11

0.03-0.26

0.26

0.09-0.73

n/a

2017

Duplin

511

2.95

1.86 ± 0.29

4.91

3.76-6.20

11.00

7.40-16.35

n/a

2017

Florence

254

6.51

0.78 ± 0.19

0.37

0.04-1.01

0.83

0.20-3.39

n/a

2017

Johnston

382

7.91

1.18 ± 0.18

0.79

0.35-1.31

1.76

0.88-3.54

n/a

2017

Robeson

379

1.98

1.80 ± 0.31

2.89

1.77-3.96

6.47

3.96-10.56

n/a

2017

Washington #2

127

1.22

2.19 ± n/a

n/a

n/a

n/a

n/a

n/a

2017

Wayne

510

9.88

1.19 ± 0.36

4.39

1.09-8.64

9.84

5.59-17.32

n/a

2018

Benzon

815

8.55

1.83 ± 0.15

0.176

0.142-0.213

1.00

0.74-1.32

74.6 ± 2.3 a

2018

Frontier

474

3.15

2.62 ± 0.30

0.214

0.169-0.262

1.20

0.89-1.62

71.5 ± 4.2 ab

2018

Barnwell

498

24.88*

0.80 ± 0.21

1.15

0.19-3.40

6.49

2.51-16.75

51.8 ± 5.5 ab

2018

Barnwell (non-Bt)

617

18.22

1.33 ± 0.18

0.40

0.20-0.67

2.26

1.34-3.81

53.6 ± 9.3 ab

2018

Charleston

443

31.70*

1.77 ± 0.50

0.36

0.06-0.81

2.02

0.96-4.25

63.9 ± 5.4 ab

2018

Darlington

377

3.54

3.04 ± 0.50

5.99

4.84-7.19

33.70

25.51-44.52

51.7 ± 11.0 ab

2018

Darlington (non-Bt)

380

11.13

1.58 ± 0.25

0.57

0.19-1.13

3.22

1.68-6.15

65.9 ± 2.7 ab

2018

Johnston

441

23.98*

1.85 ± 0.51

3.92

0.75-10.47

22.02

11.85-40.93

46.3 ± 3.6 b

2018

Lee

632

10.98

2.64 ± 0.46

3.35

2.03-4.96

11.85

8.10-17.32

49.8 ± 3.0 b

2018

Orangeburg

630

4.51

2.11 ± 0.21

1.52

1.19-1.84

8.52

6.34-11.45

64.0 ± 4.3 ab

2018

Pickens (non-Bt)

618

17.60

1.23 ± 0.29

8.63

5.08-19.80

48.53

28.74-81.94

46.5 ± 10.3 b

2018

Robeson

374

14.96

1.28 ± 0.24

0.84

0.19-1.96

4.70

2.13-10.36

41.9 ± 8.7 b

47.6 ± 1.5 b
2018
Wayne
510
10.00
2.30 ± 0.26
2.63
2.11-3.15
14.78
11.12-19.64
All collections made from Bt corn ears expressing Cry1A.105 + Cry2Ab2 unless otherwise stated. *Chi-square values are significant at P<0.01. “n/a” indicates
that value could not be calculated due to insufficient data for model, or that data were not available. No MIC50 estimates were greater than maximum
concentration tested. Mean values with the same letter were not significantly different at a=0.05 (Tukey’s HSD test). Resistance ratios calculated as MIC50 of the
field colonies divided by MIC50 of the susceptible laboratory colony Benzon.
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Fig. 3.1. Map of sampling locations for field-collected populations of H. zea from Bt and non-Bt
corn in North and South Carolina, 2017-2018. See Table 3.1 for names of populations.
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Fig. 3.2. Growth inhibition (± SE) of H. zea larvae feeding on Cry1A.105 or Cry2Ab2-treated
artificial diet after seven days.
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Fig. 3.3. F0 and F1 pupal weights (mean and 95% CI) for laboratory and field populations of H.
zea collected in 2017 and 2018 on non-Bt and Bt (Cry1A.105 + Cry2Ab2) corn in North and
South Carolina. F0 generation collected as mature larvae in corn ears. F1 generation reared on
untreated artificial diet (see Methods).
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Fig. 3.4. Duration (mean and 95% CI) of pupal stage of F0 and F1 generations of field
populations of H. zea collected in 2018 on non-Bt and Bt (Cry1A.105 + Cry2Ab2) corn in North
and South Carolina. F0 generation collected as mature larvae in corn ears. F1 generation reared
on untreated artificial diet (see Methods).
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Fig. 3.5. Duration (mean and 95% CI) of egg hatching to adult eclosion of laboratory and field
populations of H. zea collected in 2018 on non-Bt and Bt (Cry1A.105 + Cry2Ab2) corn in North
and South Carolina. Data from F1 generation that was reared on untreated artificial diet (see
Methods).
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CHAPTER FOUR
DEVELOPMENT, SURVIVAL, AND FEEDING BEHAVIOR OF Helicoverpa zea
(LEPIDOPTERA: NOCTUIDAE) RELATIVE TO BT PROTEIN
CONCENTRATIONS IN CORN EAR TISSUES

Abstract
The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), preferentially oviposits
and feeds on ears of corn (Zea mays L.) and can be managed using transgenic hybrids that
produce insecticidal proteins from the bacterium Bacillus thuringiensis (Bt). Concentrations of
Bt proteins can vary spatially and temporally in plant tissues, creating a heterogeneous
environment that can increase the risk of resistance development. We planted small-plot trials of
nine Bt and non-Bt corn hybrids in South Carolina in 2016 and 2017 and investigated the
development, survival, feeding injury, and feeding behavior in corn ear tissues. ELISA was used
to quantify the concentrations of Cry1F and Cry2Ab2 in young silk, old silk, maternal tip tissue,
kernels, and husk. Cry1F and Cry2Ab2 significantly varied with silk age and both proteins were
generally highest in the silk and tip tissue. Hybrids with pyramided proteins significantly reduced
feeding injury to the silk, tip, and kernel ear tissues, which was less apparent with single Bt
protein hybrids. The pyramided hybrid expressing Vip3A incurred no injury to either the ear tip
or kernels, and only eight 1st instar larvae were collected in the silk of 520 sampled ears. Age of
larvae significantly varied among ear tissues but not between hybrids. Depending on hybrid
family, mean larval instar in the silk, tip, and kernels was 1st or 2nd, 3rd, and 5th, respectively.
Instar-specific feeding penetrance into corn ears increased with age but did not differ between
hybrids. We characterized the instar- and tissue-specific feeding behavior of H. zea larvae but
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did not detect differences in feeding behavior between Bt and non-Bt hybrids. Implications for
resistance management strategies such as seed mixtures are discussed.

Key words Helicoverpa zea, Bacillus thuringiensis corn, resistance, feeding behavior, ELISA
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Introduction
The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), is a highly
polyphagous insect native to North and South America that is a major pest to a number of
agricultural crops (Fitt 1989). Since 1996, H. zea is one of several insect pests that has been
managed in corn (Zea mays L.) and cotton (Gossypium spp.) using transgenic hybrids expressing
insecticidal proteins from the bacterium Bacillus thuringiensis (Bt) (EPA 2018). The planting of
Bt crops has resulted in a number of operational, environmental and ecological benefits including
reduced insecticide use, reduced impact on non-target invertebrates, protection of yield, farmlevel cost savings, and widespread suppression of some insect pests (Cattaneo et al. 2006,
Marvier et al. 2007, Hutchinson et al. 2010, EPA 2010, Lu et al. 2012, Perry et al. 2016, Dively
et al. 2018). Because of these benefits, the adoption of Bt crops has increased dramatically and
more than 80% of all corn and cotton planted in the United States in 2018 expressed one or more
Bt proteins (USDA ERS 2018). However, this increased adoption equates to increased selection
pressure, and the greatest threat to the durability of Bt crops is the evolution of resistance (Gould
1998, Onstad 2008). Recent studies have reported the widespread resistance of H. zea to several
Bt proteins in the United States (Dively et al. 2016, Tabashnik and Carrière 2017, Reisig et al.
2018, Bilbo et al. in press).
Helicoverpa zea preferentially oviposits and feeds in reproductive structures of plants,
such as corn ears (Fitt 1989), where oviposition on silks occurs from the silking stage (R1) until
as late as the dough stage (R4) (Archer and Bynum 1994). After eclosion, larvae feed on silk
tissue before moving into the ear to feed on the ear tip and kernels, whereby younger larvae
commonly graze on tip kernels before maturing and consuming whole kernels (Barber 1941,
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Archer and Bynum 1994, Caprio et al. 2016). After larval feeding is complete, larvae exit the
ear, drop to the ground, and burrow into the soil to pupate.
In Bt corn hybrids, concentrations of Bt toxins can vary by tissue type, tissue age, and
environmental condition (Dutton et al. 2004, EPA 2008), exposing larvae to a heterogeneous
distribution of toxins in both space and time. While the silk and tip are maternal F1 tissue,
kernels largely consist of F2 endosperm (although the surrounding pericarp is F1). Depending on
the parental lines for an F1 hybrid, not all F2 kernels may express Bt toxins or express toxins at
the same concentration (Chilcutt and Tabashnik 2004, Yang et al. 2014). Furthermore, to delay
the development of resistance, seed mixtures (“refuge-in-a-bag”) of Bt and non-Bt hybrid seeds
have been proposed as one strategy to provide a refuge for susceptible insects and/or to ensure
refuge compliance (Reisig and Kurtz 2018). However, for ear-feeding insects, non-Bt ears in
seed mixtures will be pollinated by Bt plants and express Bt toxins in some proportion of the
kernels (Chilcutt and Tabashnik 2004).
The consequences of H. zea feeding in corn ears with heterogeneous Bt toxin expression
are that it can increase the dominance of resistance and provide the opportunity for behavioral
responses (Hoy et al. 1998, Carrière et al. 2010, Yang et al. 2017). Aversion to Bt toxins has
been demonstrated in laboratory experiments with H. zea (Gore et al. 2005, Orpet et al. 2015). In
field experiments, altered feeding patterns of H. zea in ears expressing Cry1Ab have been
reported. Dowd (2001) reported that the occurrence of “railroading” (larvae feeding down silk
channels, slightly damaging but not consuming kernels) was more prevalent in hybrids with high
Bt concentrations than hybrids with low or no Cry1Ab concentrations. Horner et al. (2003)
analyzed the spatial pattern of kernel feeding and found that feeding injury in non-Bt ears was
generally compact while feeding in Bt ears produced “scattered, discontinuous patches of

113

partially consumed kernels, which were arranged more linearly.” Mathematical modelling has
suggested that larval movement in heterogeneous ears of Bt corn significantly influences the
evolution of resistance (Caprio et al. 2016).
No study has provided a comprehensive characterization of where and when each larval
instar is feeding and how feeding behavior among the three main tissues (silk, tip, and kernel) is
influenced by Bt toxin concentrations in corn. Previous studies on ear feeding behavior of H. zea
also do not include complementary data quantifying Bt toxin concentration in the tissues being
consumed. The goal of this study was to test the null hypothesis that H. zea instar- and tissuespecific feeding behavior is the same between Bt and non-Bt corn hybrids. We characterized the
effects of Bt and non-Bt corn hybrids on larval survival, development, and feeding behavior in
the field and recorded when and where individual larvae were feeding in each corn hybrid.
Additionally, we quantified the concentration of Cry2Ab2 and Cry1F in different ear tissues at
different times to better understand the factors influencing larval movement on ears and to assess
how feeding behavior on ears impacts the risk of resistance development.

Materials & Methods
Field Trial Design
Field studies were conducted in 2016 and 2017 at the Clemson University Pee Dee
Research and Education Center in Florence, SC. A randomized complete block design with four
replications was used with corn hybrid as the fixed effect. Transgenic field corn hybrids
expressing Bt toxins as well as their non-Bt near isolines were obtained from Monsanto
Company (St. Louis, MO) and Dow AgroSciences (Indianapolis, IN) (Table 1). For the purpose
of this study, families of non-Bt and Bt near isolines that share the same background germplasm
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were grouped into three families (Table 1). Corn was planted in 8-row plots by 15.2 m in length.
Planting dates were 19 April 2016 and 13 April 2017 and within the recommended planting
window for South Carolina. Plant populations, fertilizer, and herbicide applications were used
according to recommended Extension guidelines. Corn was irrigated as needed and Bt plant
identity was verified for each plot using ELISA strips (Envirologix Inc., Portland, ME).

Feeding Injury in Corn Ear Tissues
Sampling of corn ears in 2016 for H. zea larvae and feeding injury was initiated when
ears were at the blister stage (R2) and silks had started browning. Sampling of corn ears in 2017
was initiated when approximately 50% of the ears in a plot were silking (R1). Sampling was
conducted weekly until kernels dried and larvae were no longer present. Sampling dates in 2016
were 28 June, 7, 12, 19, 26 July, and 2 and 9 August. Sampling dates in 2017 were 20, 27 June,
5, 11, 18, and 25 July. Each week, 10 ears from each plot were randomly harvested at least 1.5 m
from either end of rows 4 and 5 and rated for injury to silk tissue, tip tissue, and kernels. Here,
we define tip tissue as the maternally-derived tissues located in the ~3 cm end of the ear, distal to
the ear shank as defined by Horner et al. (2003) and Caprio et al. (2016). This includes
unfertilized corn ovules but not fertilized kernels. Silk injury was rated as both an estimation of
the number of silk strands injured by H. zea and an estimation of the overall proportion of silks
injured on each ear. Silk injury was recorded for only the first four and five weeks in 2016 and
2017, respectively, due to drying down. Tip and kernel feeding were measured as area (cm2)
injured.

Sampling of H. zea
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Each sampled ear (described above) was carefully examined for the presence of H. zea
larvae on the silk, tip, or kernel tissue. All living larvae were collected and frozen at -20°C to
halt development. Larvae were counted per ear and measured individually for body length (cm),
body mass (mg), and head capsule width (mm). Instar was determined using head capsule width
limits for each instar outlined in Neunzig (1969). Additionally, a frequency distribution
histogram using all sampled larvae confirmed head capsule limits and also that there were six
instars defined here as: 1st = 0.20-0.39 mm, 2nd = 0.40-0.50 mm, 3rd = 0.51-1.00 mm, 4th = 1.101.50 mm, 5th = 1.60-2.70 mm, 6th = 2.80-3.40 mm. In these experiments, all larval head capsule
widths fell within these ranges. Weight of 1st instar larvae was assumed to be 0.1 mg, based on a
laboratory experiment taking the average weight of 10 neonate (< 24hr) H. zea larvae obtained
from Benzon Research (Carlisle, PA). Larvae were weighed using a Mettler Toledo ML54T
analytical balance.
Feeding location was measured both as categorical location (silk or tip+kernel in 2016;
silk, tip, or kernel in 2017) and as distance penetrance into the ear (2017 only). Location was
recorded based on where larvae were found to be actively feeding on a specific tissue. The ear
penetrance rating used in this study was adapted from Wiseman and McMillian (1973) and has
been used in a number of papers to track larval feeding behavior in corn ears (Wiseman et
al.1978, Wiseman et al. 1981): 1 = larva feeding in upper half of silk channel, 2 = lower half of
silk channel, 3 = silk around ear tip, 4+ = feeding distance (cm) down tip or kernels. Thus, a
larva collected feeding in the lower half of the silk channel was given a rating of 2. A larva
collected feeding 5 cm down from the tip of the ear was given a rating of 9 (4 + 5cm). This rating
system does not account for lateral feeding movement or the linearity or compactness of feeding.
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Tissue Sampling and Cry1F, Cry2A, and Total Protein Quantification
Silk, ear tip, kernels, and husk tissue were collected from each plot in both years. Within
each plot, five subsamples of each tissue were collected from separate ears and pooled. Silk
tissue was collected twice each season. Early silk was collected when silks were freshly emerged
from husk (<5 cm exposed) and still green. Late silk was collected 2-3 weeks later when ears
were at the late milk stage (R3), after silks were pollinated, brown, and wilting. For early silk,
late silk, and husk tissue, scissors were used to cut away the silk outside of the husk and then
~2.5 cm of husk, and the silk tissue within the husk, were cut from the ear and placed into plastic
bags, and immediately frozen on dry ice. Scissors were sterilized and wiped clean with 70%
ethanol in between each cutting. Silk within the husk, notably with the late-collected silk, were
still moist and occasionally being fed on by larvae, as opposed to the dried down silk outside of
the husk. The husk on the ear was then pulled back to expose the tip and kernels, and the top ~3
cm of the ear (tip tissue) was cut and placed in plastic bags and immediately frozen on dry ice.
The ear tip tissue comprised only the unfertilized maternal tissue on the top ~3 cm of the ear,
being careful not to include any fertilized kernels. The husk tissue used in further analyses was
that harvested at the same time as the early silk tissue (R1) and only included the layers of husk
tissue immediately surrounding the silk channel, and not the husk tissue on the exterior of the
ear. Kernel tissue was harvested from R4 (dough) ears shortly after being transported from the
field to the laboratory for injury rating. After kernels were harvested from ears of each plot, they
were immediately frozen in a -20°C freezer until the kernels from remaining plots were
harvested (~1 hr). After kernel sampling was complete, all samples were transferred to a -80°C
freezer.
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All tissue samples were stored in a -80°C freezer until being lyophilized, after which they
were stored at -20°C with packets of silica gel desiccant (L2K Commerce Dry & Dry, Brea, CA).
The five subsamples outlined above from each plot were pooled prior to grinding. Fifteen kernels
(three kernels from each ear) were ground from each plot. For silk, tip, and husk tissue, tissue of
approximately equal weight from each of five ears (subsamples) were pooled for each replicate.
Lyophilized tissues were ground in 15 ml polycarbonate grinding vials with two 1.1 cm diameter
stainless steel grinding balls (OPS Diagnostics, Lebanon, NJ) using a GenoGrinder 2010 (SPEX
SamplePrep, Metuchen, NJ). Tissues were ground at 1500 RPM for the minimum time required
to produce a fine powder (two minutes for silk, tip, and kernel tissue; seven minutes for husk
tissue). After each tissue was ground into a powder, approximately 20 mg of tissue was
transferred to a 1.5 ml microcentrifuge tube, with the weight recorded to the nearest 0.01 mg
using a Mettler Toledo ML54T analytical balance. Protein extractions were performed based on
the manufacturer’s instructions for each respective ELISA kit (see below). Proteins were
extracted by adding 1000 ul 1X PBS-Tween 20 to ground tissue samples, vortexed for ~20
seconds, and then incubated at room temperature on a nutating mixer for 3 min. Tubes were
centrifuged at 2152 rcf for 3 minutes and supernatant containing proteins was transferred to new,
separate tubes for either enzyme-linked immunosorbent assay (ELISA) or Bradford assay, and
immediately frozen at -80°C until each assay.
Prior to each protein assay, the supernatant was thawed and dilutions were made as
necessary (as determined from practice trials). The concentration of Cry1F in silk, tip, kernel,
and husk tissue was quantified for each Bt hybrid in the Pioneer family (Table 1) using a
quantitative Cry1F ELISA kit (PSP 11700, Agdia, Inc., Elkhart, IN). The concentration of
Cry2Ab2 in silk, tip, kernel, and husk tissue was quantified for each Bt hybrid in the Dekalb 2
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family (Table 1) using a quantitative Cry2A ELISA kit (AP 005, Envirologix Inc., Portland,
ME). Quantitative ELISA kits from these manufacturers have been used extensively in the
literature to quantify several different Bt proteins in various plant, insect, and soil samples
(Adamczyk et al. 2001, Nguyen and Jehle 2009, Székács et al. 2010, Tian et al. 2012, Hung et al.
2016, Svobodová et al. 2017). The concentration of total protein in silk, tip, kernel, and husk
tissue was quantified for each Bt and non-Bt hybrid in the Pioneer and Dekalb 2 families (Table
1) using a standard Bradford assay protocol with bovine serum albumin (BSA) as the protein
standard (Bradford 1976). A Synergy H1 hybrid multi-mode microplate reader (BioTek
Instruments, Inc., Winooski, VT) was used to measure the absorbance of Cry2A protein samples
at 450 nm, Cry1F at 650 nm, and total protein samples at 595 nm. All samples were run in
triplicate and only data points that fell within the standard curve were used in the analyses.
Coefficients of variance between triplicate samples within plates never exceeded 10%.

Statistical Analysis
Linear mixed repeated measures models (PROC MIXED, SAS Institute 2008) were
constructed for each hybrid family and year with proportion silks injured, number of silks
injured, area of tip injured, area of kernels injured, number of ears injured, number of larvae per
ear, and larval head capsule width as the dependent variables and hybrid, week, and their
interaction as fixed effects. Proportion of silks injured and number of silks injured were highly
correlated (PROC CORR; r = 0.94, df = 221, P < 0.0001), and only proportion of silks was used
in further analyses. Replication was used as a random effect. Variance-covariance structure was
specified as either compound symmetry, autoregressive, Toeplitz, unstructured, or antedependence, and selected based on lowest AICc value (Hurvich and Tsai 1989). Models for
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number of larvae and head capsule width used autoregressive and compound symmetry variancecovariance structures, respectively. Residual plots were visually inspected for deviations in
normality and constant variance. Proportion of silk injured was arcsine(sqrt(x)) transformed and
number of ears injured, number of larvae, and head capsule width were log10(x+1) transformed
before analysis to meet model assumptions. The denominator degrees of freedom were
calculated following the methods of Kenward and Roger (1997). Mean separations were
analyzed using Tukey’s honestly significant differences test (Tukey 1953) when significant at a
< 0.05. The SLICE function was used to identify differences among hybrids within each
sampling week when interactions were significant. Mean values for the 10 subsamples within
each plot were calculated prior to statistical analyses, and data from some sampling periods were
excluded from analyses because too few larvae were collected.
To analyze the feeding behavior of larvae in corn ears, two-way analysis of variance
(PROC MIXED, SAS Institute 2008) was used as described below. Prior to ANOVA, data for
number of larvae, head capsule width, and larval penetrance were averaged for the 10
subsamples collected within each replicate. For number of larvae and head capsule width, corn
hybrid, tissue location (silk, tip, kernel), and their interaction were fixed effects, and replication
was used as a random effect. Number of larvae was log10(x+1) transformed before analysis to
meet model assumptions. For larval penetrance (2017 only), hybrid, instar, and their interaction
were fixed effects and replication was used as a random effect; because of low numbers of
larvae, instars were analyzed in three groups: 1st+2nd, 3rd+4th, and 5th+6th instar.
For concentrations of Cry1F, Cry2A, and total protein in 2016 and 2017, tissue, year, and
their interaction were fixed effects in a two-way analysis of variance with replicate used as a
random effect (PROC MIXED, SAS Institute 2008). Cry1F was quantified for the three Pioneer
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hybrids expressing Cry1F, Cry1F + Cry1Ab, Cry1F + Cry1Ab + Vip3A. Cry2A was quantified
for the two Dekalb 2 hybrids expressing Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 +
Cry1F. Mean concentrations between hybrids each year were not significantly different and were
pooled prior to analysis. Replication was used as a random effect. Mean separations were
analyzed using Tukey’s honestly significant differences test (Tukey 1953) when significant at
a<0.05.
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Results
In 2016, across nine Bt and non-Bt corn hybrids and seven weeks of sampling, 2,520 ears
were sampled and 535 H. zea larvae were collected. In 2017, across seven corn hybrids and six
weeks of sampling, 1,680 ears were sampled and 275 H. zea larvae were collected. In 2016,
when larval instar could be determined, a total of 11, 70, 124, 115, 130, and 58 larvae for 1st-6th
instar, respectively, were collected. In 2017, when sampling began earlier in corn development
but H. zea infestation was lower, 64, 50, 50, 40, 41, and 31 larvae for 1st-6th instar, respectively,
were collected.

Feeding Injury to Silk, Tip, and Kernel Tissues
For hybrid family Dekalb 1 (included in 2016 trials only), feeding injury in silk, tip, and
kernels was not significantly different between the Bt and non-Bt hybrid (Table 2), although
mean injury values for Cry1Ab corn were less than in the non-Bt hybrid for all three tissues most
weeks. Maximum weekly feeding injury for Cry1Ab corn in silk, tip, and kernels was 34.0 ± 4.5
% (mean ± SEM), 1.3 ± 0.3 cm2, and 1.6 ± 0.4 cm2, respectively. Maximum weekly feeding
injury in the non-Bt hybrid in silk, tip, and kernels was 43.8 ± 6.4 %, 2.6 ± 0.7 cm2, and 3.5 ± 0.3
cm2, respectively. As sampling progressed over time, injury to tip and kernel tissue, but not silk
tissue, significantly increased.
For hybrid family Dekalb 2 in both 2016 and 2017, feeding injury to silk, tip, and kernels
was significantly reduced in both Bt hybrids (Table 2, Fig. 1). Injury in ear tissues generally
increased in the non-Bt hybrid as the season progressed but remained low for the Bt hybrids
expressing Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 + Cry1F (Fig. 1). Feeding injury
among hybrids significantly interacted with sampling week for kernel and tip tissue in 2016 and
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2017, respectively. Based on the SLICE function of PROC MIXED, differences in 2016 kernel
injury only occurred beginning 19 July. Tip injury in 2017 was significantly different all
sampling weeks except on 5 July, when variability was highest in the non-Bt hybrid (Fig. 1).
For hybrid family Pioneer in both 2016 and 2017, Bt toxins in all three tissues
significantly reduced feeding injury relative to tissues in the non-Bt hybrid (Table 2, Fig. 2). This
hybrid effect was driven largely by the hybrid producing the Vip3A toxin. In this hybrid, 520
ears were sampled across two years and only eight larvae were collected, with all larvae found in
the silk, and silk injury never exceeding five individual silk strands per ear. There was no
reported tip or kernel injury in the hybrid expressing Vip3A. Injury in all tissues both years
significantly increased with time, but this effect interacted with hybrid due to injury differences
not occurring until after the second sampling week. Based on the SLICE function of PROC
MIXED, significant differences in tissue injury did not occur until the second or third sampling
week (Fig. 2).
The proportion of ears with feeding injury varied significantly among hybrids for all
years and hybrid families except Dekalb 1 in 2016 (Table 3). In this trial, ear infestation peaked
on 26 July with 83% of non-Bt ears and 60% of Cry1Ab ears with feeding injury to silk, tip, or
kernels. In Dekalb 2 in 2016 during the week with the greatest number of ears injured (26 July),
the hybrids producing Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 + Cry1F decreased the
proportion of injured ears by 85 and 97%, respectively, compared with the non-Bt near isoline.
In 2016 during the week with the greatest number of ears injured (19 July), the Pioneer hybrids
producing Cry1F and Cry1F + Cry1Ab decreased the proportion of injured ears by 24 and 16%,
respectively. Trends were similar in 2017, but to a lesser degree, due to reduced ear pressure
from H. zea. In 2017, the highest recorded percent of injured ears was 68% of ears in the Pioneer
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non-Bt hybrid on 11 July. The proportion of ears injured significantly increased over the
sampling period only in 2017.

Number of Larvae Per Ear
The number of larvae infesting ears was significantly reduced by the Bt hybrids in
Dekalb 2 in 2016 and Pioneer in both years (Table 3, Fig. 3). The number of larvae significantly
decreased over time for each hybrid family during both years (Fig. 3); however, there was a
significant hybrid x week interaction for Dekalb 2 and Pioneer in 2016 due to a peak in larvae in
the non-Bt hybrids on 19 July that did not occur in Bt hybrids. In family Dekalb 2, four of the
first five sampling weeks in 2016 had significant variation in number of larvae among hybrids
based on the SLICE function of PROC MIXED (Fig. 3), but this did not occur for a single week
in 2017. In Pioneer, due to high mortality in the hybrid containing Vip3A, number of larvae
varied significantly among hybrids nearly every individual week in each year (Fig. 3).

Larval Head Capsule Width
Mean head capsule width of larvae significantly increased over time for every hybrid and
family in both years as larvae progressively developed to later instars (Table 3). There was a
significant hybrid x week interaction in Dekalb 2 and Pioneer in 2016 due to significantly greater
head capsule width in the non-Bt hybrid hybrids in the early sampling weeks (Fig. 4). In Pioneer
during 2017, the hybrid x week interaction reflected the significantly greater head capsule width
in the hybrid Cry1F + Cry1Ab on 11 July, after the larvae in the non-Bt and Cry1F hybrid likely
developed out of the ears (Fig. 4). In Dekalb 2 in 2017, mean head capsule width development in
both Bt hybrids was approximately a week delayed relative to the non-Bt hybrid, as evident in
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the first three sampling dates (the only sampling dates statistically analyzed due to larval
numbers) (Fig. 4).

Tissue Feeding Location by Larval Age
Larval feeding penetrance into the ear (included only in 2017) did not significantly differ
among Bt and non-Bt hybrids for either Dekalb 2 (F= 0.13, df= 2, 18, P = 0.882) or Pioneer (F=
0.76, df= 2, 23, P = 0.479), but did differ among instar groups for both Dekalb 2 (F= 54.72, df=
2, 18, P < 0.0001) and Pioneer (F= 55.77, df= 2, 23, P < 0.0001). For both hybrid families
(combining the Bt and non-Bt hybrids), instar groups 3rd+4th and 5th+6th fed significantly deeper
into corn ears (mean penetrance rating ranging from 7.3 to 8.4) than instar group 1st+2nd (mean
penetrance rating ranging from 2.80 to 2.83) (Fig. 5A). This rating equates to 1st+2nd instars
feeding as deep as silk around the ear tip, and later instars all feeding, on average, approximately
4 cm down from the tip of the ear.
The number of larvae feeding in either the silk or kernels (analyzed only for Pioneer in
2016) or the silk, tip, or kernels (2017) did not vary significantly among hybrid for any family
either year (Table 4). Within each tissue location, the number of larvae in the Bt hybrids was
generally less than in the non-Bt hybrid, but this difference was not significant (Fig. 5B).
Differences in number of larvae did significantly vary by tissue location (Pioneer, 2016), with
more larvae collected on kernels than on silks (Table 4, Fig. 5B). This might be a result of either
initiating sampling later in the development of H. zea (after larvae had moved out of the silk into
the ear), or as a result of sampling error (not detecting all the larvae feeding in the silk).
The head capsule width of larvae feeding in different tissues did not vary by hybrid for
any hybrid family in 2016 and 2017, indicating that, regardless of Bt or non-Bt hybrid, larval age
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was the same in each tissue (Table 4). Head capsule width did significantly vary among tissue
location in Dekalb 2 or Pioneer in 2017 (Figs. 5C, D), and supported the penetrance data that
larvae feeding in the tip and kernel are older than larvae feeding in the silk. Based on head
capsule width for Dekalb 2 in 2017, the average instar feeding in the silk, tip, and kernels was 1st,
3rd, and 5th instar, respectively. For Pioneer in 2017, the average instar feeding in the silk, tip,
and kernels was 2nd, 3rd, and 5th instar, respectively. However, when number of larvae of each
instar in each tissue were summed across all 2017 trials, it illustrated that each tissue contained
varying proportions of each instar (Fig. 5E).

Cry1F and Cry2A Tissue Concentrations Using ELISA
The concentration of Cry1F in dry tissue from the three Pioneer hybrids varied
significantly among tissues (F= 238.47, df= 4, 95, P < 0.0001) and year (F= 4.97, df= 1, 95, P =
0.028). The tissue x year interaction was significant (F= 11.11, df= 4, 95, P < 0.0001) due to
tissue concentrations between years varying in the tip but not in any other tissue. Tip tissue had
the highest concentration of Cry1F in both years, but also the highest variability between years,
as concentration in 2017 was 1.4-fold higher than the concentration in 2016 (Fig. 6A). Larvae
feeding in silk tissue would be exposed to 2.7-fold higher concentrations of Cry1F in older silk
than freshly emerged silk. The concentration of total protein in dry tissues from these same
Pioneer hybrids also varied significantly among tissues (F= 61.01, df = 4, 95, P < 0.0001), year
(F= 91.29, df= 1, 95, P < 0.0001), and their interaction (F= 29.0, df= 4, 95, P < 0.0001). Total
protein concentration varied the most in older silk tissue, where the concentration was highest
overall in 2016 but much lower in 2017 (Fig. 6C).
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The concentration of Cry2A in dry tissue from the Dekalb 2 hybrids producing
Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 + Cry1F varied significantly only among
tissues (F= 161.18, df= 4, 61, P < 0.0001). The tissue x year interaction (F= 6.73, df=4, 61, P =
0.0001) reflected the significant variation in Cry2A concentration in early silk between 2016 and
2017. The highest concentration of Cry2A was found in early silk tissue both years, followed by
the tip tissue (Fig. 6B). Older silks had the lowest concentration of Cry2A. The concentration of
total protein in dry tissues from these same two hybrids varied significantly among tissues (F=
68.49, df= 4, 61, P < 0.0001) but not years (F=1.38, df= 1, 6, P = 0.285) or their interaction
(F=1.82, df= 4, 61, P = 0.137). Total protein concentration was highest in the silk and tip tissue
(Fig. 6D).

Discussion
Larvae of H. zea are exposed in ear tissues of Bt corn to a heterogeneous distribution of
Bt toxins. Differences in toxin concentrations can influence the dominance of resistance and
provide the opportunity for behavioral responses, such as aversion, which can influence the
evolution of resistance to these toxins (Hoy et al. 1998, Gore et al. 2005, EPA 2008, Carrière et
al. 2010, Caprio et al. 2016, Yang et al. 2017, Zalucki and Furlong 2017). Previous
investigations into the behavior of H. zea feeding on ears in field experiments of Bt corn have
been limited to recording injury to kernels (Dowd 2001, Horner et al. 2003), despite the fact that
larvae feed in all major ear tissues—silk, tip, and kernels—and that concentration of Bt toxins
varies by tissue type, tissue age, and environmental condition (Dutton et al. 2004, EPA 2008).
The main objective of these experiments was to test the null hypothesis that age- and tissuespecific feeding behavior of H. zea is the same on Bt and non-Bt hybrids. Our study provides a
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detailed account of where and when larvae are feeding in corn ears of different Bt and non-Bt
hybrids, in addition to quantifying the concentration of Cry2Ab2 and Cry1F in those same ear
tissues. We found no significant difference in age-specific feeding location between Bt and nonBt hybrids and fail to reject our null hypothesis. This could be due to low toxicity in H. zea to
some of the Bt toxins expressed in the hybrids used this study, to development of resistance in H.
zea to these toxins, or a combination of both.
We measured the instar of all larvae collected in each ear tissue location: silk, tip, and
kernels (in 2017 only). The head capsule width (an indicator of instar or age) for larvae in each
tissue did not significantly differ between Bt and non-Bt hybrids. In the silk, tip, and kernels, the
mean instar was 1st, 3rd, 5th and 2nd, 3rd, 5th, averaged across hybrids in the Dekalb 2 and Pioneer
families, respectively. When head capsule width was analyzed over time, larval development
was significantly delayed in the Bt hybrids in Pioneer 2016 and Dekalb 2 2017 (Table 3, Fig. 4).
In later weeks, mean head capsule width often decreased, indicating either older larvae finished
development and cycled out of corn, a second generation of corn earworm oviposited and was
developing, or a combination of both. In Dekalb 2 2017, larval age in the hybrids producing
Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 + Cry1F was delayed by approximately one
week compared with development on a non-Bt near isoline. Considered alongside our agelocation data, this shows that developmentally delayed larvae on these Bt hybrids remain feeding
longer in the same tissues common to that age group compared to a non-Bt near isoline. When
we analyzed the distance of individual larval penetrance into the ear, our age-location results
were corroborated: age-specific penetrance did not differ among hybrids, with 1st+2nd instars in
the silk and both 3rd+4th and 5th+6th instars feeding approximately 4 cm down from the tip of the
ear. The penetrance data do not account for the fact that the size of the tip of the ear (defined
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here as unfertilized, F1 maternal tissue) is not constant among all ears. The tip usually comprises
the first ~3 cm of the ear distal to the ear shank, but some ears develop fertilized kernels all the
way to the top of the ear with very little tip area exposed. Likewise, ears can suffer poor
pollination due to heat stress, drought, and insect feeding (Bassetti and Westgate 1993, Steckel et
al. 2013), and this can result in significant reductions in kernel fertilization and yield loss. It is
unknown what effect poor pollination has on larval feeding penetrance in the ear. In one of the
few other studies to investigate age-specific feeding location, Archer and Bynum (1994)
concluded that kernel feeding begins when H. zea larvae reach 3rd instar. Their study did not
differentiate tip tissue from kernel tissue and so our results—that 3rd instars are the most
frequently found instars on tip tissue——likely support their findings.
Despite failing to reject our null hypothesis that age- and tissue-specific feeding behavior
of H. zea is the same on Bt and non-Bt hybrids, it is worth noting the trend for smaller mean
head capsule width in each tissue for nearly every Bt hybrid compared with the non-Bt control
(Fig. 5C,D), while the number of larvae collected in each tissue was the same (Table 4). This
would indicate that the larvae feeding in each Bt hybrid tissue may be younger than conspecifics
feeding in the same non-Bt tissues, either because larvae of each instar are smaller or that
younger larvae are moving into tip and kernel tissues earlier in Bt compared with non-Bt ears.
Additional experiments are required to know if such an effect exists. In Horner et al. (2003), it
was demonstrated that the spatial patterns of damaged kernels in Bt (Cry1Ab) corn ears by larvae
(instars 3rd-6th) were “significantly less compact, more linear, and had a greater perimeter
length.” The only data the authors presented relating to ear penetrance were that Bt ears had less
frequent feeding damage extending into the upper ear below the tip, compared with that observed
on non-Bt ears. However, these data were not statistically analyzed. Dowd (2001) reported that
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the feeding behavior of “railroading” (small larvae partially damaging many kernels along a silk
channel) occurred at varying rates in Bt hybrids expressing high levels of Cry1Ab, but not in
non-Bt (or low expressing event) hybrids.
In addition to our analyses of feeding penetrance and larval age by location, we summed
all larvae of each instar in each tissue location (Fig. 5E) to demonstrate that varying proportions
of each instar are present in each tissue. These data, although not statistically analyzed and
combined across all Bt and non-Bt hybrids, reveal that 2nd instars feed in all three tissues, 3rd
instars feed almost equally between tip and kernels, and that 4th and 5th instars do most of their
feeding in both the tip and kernels. The reason age-specific feeding location matters in Bt ears
(or non-Bt ears pollinated with Bt pollen) is that susceptibility to Bt toxins can vary with instar.
Differences in susceptibility among larval instars to Bt toxins have been reported by a number of
authors. Studies with H. zea have found that younger instars are more susceptible than older
instars (Ali and Young 1996), but in studies with related species the interaction between age and
susceptibility can differ and depends on the insect species and the Bt protein used (Cooper 1984,
Bird and Akhurst 2007). Larval mortality from Bt toxins can also be reduced if larvae are able to
move from Bt tissue to non-Bt tissue. Dulmage et al. (1976) fed Chloridea virescens (Fabricius),
a species closely related to H. zea, Bt-treated diet ad libitum for one, two, or three days before
moving larvae to a non-Bt diet and remarked on the “unexpected capacity to recover from the
effects of [Bt].” A detailed study of H. armigera feeding behavior in choice bioassays of Bt and
non-Bt treated artificial diet demonstrated larvae could not detect Bt and only avoided it post
ingestion (Luong et al. 2017). Recovery and aversion post ingestion of Bt is less likely as protein
toxicity increases, such as with toxins that approach high dose. In our study, only eight larvae
were collected from 520 ears of the hybrid producing the Vip3A toxin, and not a single larva had
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fed on more than five individual silk strands before dying. However, as populations develop
resistance to Bt toxins (and if H. zea larvae truly are capable of behavioral responses such as
avoidance or aversion), larvae will be able to tolerate higher doses and have more opportunities
to move into non-Bt tissue or tissue with less Bt concentrations.
In addition to instar, susceptibility to Bt toxins can also be influenced by environmental
factors, such as dietary nutrition. Deans et al. (2017) demonstrated that both the protein:
carbohydrate (P:C) ratio and total macronutrient concentration of a diet significantly interacted
with H. zea susceptibility to Cry1Ac. H. zea self-selects and develops best on protein-biased
diets (Deans et al. 2015), but when fed on a Cry1Ac-treated, carbohydrate-biased diet there was a
100-fold decrease in susceptibility. Our study details the variation in Cry protein and total
protein concentrations among tissue type, and Deans et al. (2018) showed that both total
macronutrient content and P:C varied among silk, husk, and kernel type. In Bt or Bt-pollinated
refuge corn ears, larvae of H. zea will differentially encounter Cry toxin concentrations relative
to tissues with varying nutritional qualities and this may influence both susceptibility and feeding
behavior. Larval feeding behavior is likely influenced by a combination of aversion to Bt and
nutritional regulation (Behmer et al. 2002). H. zea larval nutrition, development, and survival can
also be influenced by cannibalism (Joyner and Gould 1995), which in turn may be influenced by
exposure to Bt when larvae are not resistant (Horner and Dively 2003, Chilcutt 2006). While
cannibalism can be an important nutritional factor for developing H. zea larvae, it likely had less
influence in this study compared to others because of lower ear infestations and densities (Storer
et al. 2001, Reisig and Reay-Jones 2015). Future experiments should include more detailed
studies of how H. zea regulates nutrition among ear tissue type with and without Cry proteins,
and how this effect is further influenced by larval age and larval densities (i.e. cannibalism).

131

H. zea is a target pest for both Cry2Ab2 (+ Cry1A.105) and Cry1F corn (EPA 2005, EPA 2008).
Cry2Ab2 is significantly more toxic to H. zea than Cry1F, which often does not reduce survival
of H. zea or infestation in the field (Buntin 2008, Bilbo et al. in press), although larvae collected
feeding on Cry1F corn ears can have significant reductions in pupal weight compared with those
that fed on non-Bt corn (Reisig and Reay-Jones 2015, Bilbo et al. 2018). As hybrids in our study
expressed either single (Cry1F or Cry1Ab) or multiple toxins (combinations of (Cry1F,
Cry1A.105, Cry2Ab2, and Vip3Aa20), H. zea was affected in some hybrids by Bt toxins that we
did not quantify, as we had limitations on commercially available ELISA kits for quantifying Bt
toxins in plant tissues rather than just detection. However, our data provide evidence of
significant variability among tissues in two Bt toxins that are known to significantly affect the
survival and biology of H. zea (Reisig and Reay-Jones 2015, Bilbo et al. 2018). Our goal was to
determine the relative concentrations of Cry1F and Cry2Ab2 among tissues and at different
times. Concentrations of Cry1F and Cry2Ab2 in Pioneer and Dekalb 2, respectively, varied
significantly among tissue type. In the Pioneer hybrids, Cry1F concentration was highest in tip
tissue during both years by more than two-fold compared with any other tissue. Late silk
(harvested at R3) had significantly higher concentrations of Cry1F than early silks (R1). In
Dekalb 2, the reverse was true, and early silk also had higher Cry2Ab2 concentrations than any
other tissue. Our results cannot be directly compared to other studies due to differences in
methodology (e.g. sampling tissue at a different stage) or data availability, but where the data are
available they align with our results in relative tissue concentrations. Cry1F tissue-specific
concentrations in corn showed that concentrations in silk (age not listed) were the lowest of all
tissues tested (e.g. leaf, grain, stalk, pollen) (Dow Agrosciences 2007). While experiments
quantifying Cry2A concentrations in space and time are more prevalent in cotton, ELISA data
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submitted to the EPA as part of the registration of Cry2Ab2 in corn showed concentrations in
silk (R1) were higher than in most other tissues tested (e.g. forage, grain, pollen) except leaves
(EPA 2008). To the best of our knowledge, our study is the first to quantify the concentrations of
Cry1F and Cry2Ab2 toxins in silk tissue of Bt corn hybrids at two different time points, pre- and
post-fertilization, capturing the variation in toxin exposure made possible to H. zea larvae by
their duration of oviposition (Archer and Bynum 1994). Additionally, we could find no other
study quantifying the concentrations of these toxins in maternal tip tissue of Bt hybrids, despite it
being a distinct and important feeding location for larvae. Our ELISA results demonstrate the
heterogeneous nature of Bt protein production in the silk, tip, and kernels and reveal that the
development and survival of larvae in these tissues is likely influenced by instar, although we did
not detect behavioral differences resulting from exposure to Bt toxins in this study. Each instar
(1st-6th) tends to be found feeding in one or more tissues with early and later instars more likely
to be found feeding in the silk and kernels, respectively.
Our results regarding age- and tissue-specific feeding behavior fill important knowledge
gaps needed for modeling the development of H. zea resistance on Bt ears and non-Bt ears
fertilized by Bt pollen. Our data show that kernel feeding primarily begins with 3rd instars, but it
is not until the 4th instar that the majority of larvae are found feeding on kernels. Additionally, a
proportion of 3rd, 4th, and 5th instars continue to feed, at least partially, on maternal tip tissue
(Fig. 5C,D,E). These instars are likely not equally susceptible to Bt toxins, and varying
proportions of larvae within each instar will be exposed to different tissue-specific nutrition and
Bt concentrations. Onstad et al. (2018) proposed that the timing of larval movement relative to
age should be considered in most studies of seed blends for IRM. One reason for this, as the
authors state, is that if fertilized kernels are only fed on by older larvae then even susceptible
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larvae may not be significantly harmed by the dose of toxins in kernels. Our results provide these
data and lay the groundwork to further study the impact of heterogeneous Bt expression on agespecific survival and development.
A seed mixture of Bt and non-Bt corn is one proposed strategy for managing resistance
by insects to Bt corn rather than a separate block of non-Bt refuge corn. On Bt ears, the kernels
can consist of a mosaic of Bt and non-Bt phenotypes (Chilcutt and Tabashink 2004, Caprio et al.
2016), which may influence larval exposure and survival. For ear-feeding pests on non-Bt refuge
ears in seed mixtures, a major concern is cross-pollination by pollen from surrounding Bt plants.
This concern was a focal point of the July 2018 report published by the FIFRA Scientific
Advisory Panel regarding resistance of Lepidopteran pests to Bt plant incorporated protectants
(PIPs) (FIFRA SAP 2018). The final report stated that seed blends decrease the durability of
PIPs to resistance evolution in ear-feeding lepidopteran pests compared to a structured refuge,
and the panel recommended that seed blends not be used in the southern United States where H.
zea overwinters. The report also noted that in order to understand resistance evolution of H. zea
in seed mixtures, it is essential to determine the survival of heterozygotes (rS) on refuge plants
expressing Bt in some kernels. Since this information is not available, it was noted that it is still
informative to instead consider data on the survival of susceptible H. zea under different
scenarios. From our data, we posit that one such scenario affecting larval survival in refuge ears
is the age-distribution of larvae feeding in kernels. Our findings show that selection pressure
from cross-pollination of refuge ears will primarily affect H. zea larvae 3rd instar and older.
Depending on the timing of oviposition, the rate of development, and natural variation in larval
movement and feeding behavior, kernel feeding can be initiated at different instars, and these
instars will be differentially susceptible to Bt toxins in kernels, which in turn will influence
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survival and/or fitness. Onstad et al. (2018) summarized 14 field trials measuring survival of H.
zea larvae on refuge ears in seed mixtures and found that relative survival (compared with larvae
on ears of pure stands of non-Bt corn) varied over time and location, ranging from 0.37 to 1.0
(mean = 0.82). They hypothesized that the effects of non-Bt ears contaminated with Bt pollen are
influenced by factors such as “weather, corn hybrid, cultivation practices, H. zea behavior, and
synchrony of insect flights with a certain plant development stage.” These differences are likely
due, in part, to differences in age-distribution of larvae in contaminated refuge ears. Because
younger instars generally do not feed in kernels, they would typically be free from Bt selection in
a blended refuge ear. While this provides some evidence in support of a blended refuge, it is still
unknown at what age larval survival is no longer affected by exposure to Bt in refuge kernels. If,
only after maturing to the 4th instar while having fed on non-Bt silk and tip tissue, larval survival
and fitness is no longer reduced by feeding on Bt kernels, then only the smaller proportion of 2nd
and 3rd instars feeding on kernels will have reduced survival, delayed development, or another
negative effect. Additional studies should determine if the age- and tissue-specific distribution
we report (Fig. 5C,D,E) is similar in other years, regions, and agricultural landscapes to fully
understand the implications on effectiveness of blended refuge as an IRM strategy.
Additional objectives of our study were to compare feeding injury to silk, tip, and kernel
tissues, infestation, and larval survival between Bt and non-Bt hybrids. To the best of our
knowledge, this study is the first to measure and quantify silk feeding by H. zea in the field, and
silk feeding plays a major role in the successful establishment of H. zea neonates. We measured
both the number of silks injured and the proportion of silks injured, and both variables were
highly correlated. Data on injury to silks generally mirrored that of tip and kernel injury (Table
2). Our experiments showed that Cry1Ab in the Dekalb 1 hybrid did not significantly reduce
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injury to any tissue, infestation, or larval survival (figure not shown). Earlier studies in the same
geographic region investigating the effects of Cry1Ab on H. zea found that kernel injury was
reduced, and prepupal survival was reduced 60-85%, with additional mortality occurring during
the pupal stage (Storer et al. 2001). More recent studies have reported no effect or decreasing
efficacy of Cry1Ab on survival and kernel injury (Reisig and Reay-Jones 2015, Dively et al.
2016). In our study, it is possible that differences in survival could have been detected by
monitoring larvae through pupation, as pupal effects, such as weight reduction, are still prevalent
(Bilbo et al. 2018). Concentrations of pyramided Bt proteins present in Dekalb 2 and Pioneer
hybrids significantly reduced injury in all tissues and also reduced ear infestation and larval
survival. The development of resistance to the Dekalb 2 Bt proteins Cry1A.105 and Cry2Ab2 has
recently been reported (Dively et al. 2016, Kaur et al. 2019, Bilbo et al. in press), but the results
reported here demonstrate these toxins still reduce feeding injury and larval survival. The effects
of Cry1F and Cry1F + Cry1Ab in the Pioneer hybrids on ear injury, infestation, and survival
were not as apparent relative to those of Cry1A.105 + Cry2Ab2, and hybrid effects in the Pioneer
hybrids were driven primarily by the Vip3A pyramid. This hybrid had no tip or kernel injury,
and no larvae survived past the 1st instar, mirroring the results of other studies (Burkness et al.
2010, Reisig and Reay-Jones 2015, Yang et al. 2015). However, successful development of H.
zea has recently been reported in Vip3A pyramids (Bilbo et al. 2018).
In conclusion, we characterized the age-specific feeding behavior of H. zea in Bt and
non-Bt corn hybrids. We quantified the concentration of Cry1F and Cry2Ab2 to demonstrate the
spatial and temporal heterogeneity of toxin distribution in silk, tip, and kernel tissues that can
affect larval exposure to Bt toxins and create the opportunity for behavioral responses. Hybrids
containing Vip3A were highly efficacious at reducing infestation, survival, tissue injury, and
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larval movement. However, H. zea resistance to Cry1A and Cry2A toxins has developed in the
mid-Atlantic, southeastern, and mid-southern United States (Dively et al. 2016, Kaur et al. 2019,
Reisig et al. 2018, Bilbo et al. in press), underlining the intense selection pressure placed on
Vip3A, even in pyramids expressing Cry1A and Cry2A toxins. Future studies should quantify
the spatial and temporal concentrations of Vip3A in ear tissues and determine how these
concentrations vary with environmental factors. Future transgenic plants with next-generation
insect control technologies should be investigated for their toxin heterogeneity and effects on
larval movement in ears to accurately assess the risk of resistance. Finally, we did not detect
significant changes in age-specific feeding behavior of H. zea between ear tissues, but, given the
behavioral changes on kernels and artificial diets reported in other studies, feeding behavior of
H. zea on corn ears should continue to be investigated with current and future transgenic
insecticidal toxins to ensure all factors influencing the development of resistance to Bt toxins are
fully realized and to understand under what circumstances IRM strategies, such as seed mixtures,
will delay or hasten the evolution of resistance.
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Table 4.1. Corn hybrids planted in Florence, South Carolina, 2016-2017
Trade Name

Hybrid

Family

Bt Event

Bt Protein(s)

Non-Bt

DKC64-27

DK1

—

—

YieldGard VT Triple

DKC64-24

DK1

MON810

Cry1Ab

Non-Bt

DKC64-82

DK2

—

—

Genuity VT Double PRO

DKC64-89

DK2

MON89034, MON88017

Cry1A.105 + Cry2Ab2

Genuity SmartStax

DKC64-87

DK2

MON89034, MON88017, TC1507

Cry1A.105 + Cry2Ab2 + Cry1F

Non-Bt

P1319R

Pioneer

—

—

Herculex I

P1319HR

Pioneer

TC1507

Cry1F

Optimum Intrasect

P1319YHR

Pioneer

TC1507, MON810

Cry1F + Cry1Ab

Optimum Leptra

P1319VYHR

Pioneer

TC1507, MON810, MIR162

Cry1F + Cry1Ab + Vip3Aa20

Family indicates grouping of near isolines of Bt and non-Bt hybrids
Family DK1 not planted in 2017.
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Table 4.2. ANOVA Statistics for H. zea Bt corn ear feeding in trials in Florence, South Carolina, 2016-2017
Proportion Silk Injured
Tip Area Injured (cm2)
Kernel Area Injured (cm2)
a
Family
Year
Factor
df
F
df
F
df
F
Dekalb 1

Dekalb 2

2016

2016

2017

Pioneer

2016

2017

Hybrid

1, 5.72

1.67

1, 6

2.5

1, 6

5.62

Week

3, 14.5

1.12

6, 36

5.5***

6, 36

5.29***

Hybrid x Week

3, 14.5

0.33

6, 36

1.04

6, 36

1.08

Hybrid

2, 17.5

39.5***

2, 9

132.27***

2, 34

132.71***

Week

3, 20.7

8.05**

6, 54

4.08**

6, 48.4

10.95***

Hybrid x Week

6, 21.2

1.11

12, 54

1.63

12, 49.6

9.63***

Hybrid

2, 6

22.52**

2, 14.1

36.91***

2, 11.5

4.3*

Week

5, 45

15.11***

5, 12

21.24***

5, 10.3

7.1**

Hybrid x Week

10, 45

1.21

10, 14.5

5.83**

10, 12.3

1.47

Hybrid

3, 9.13

23.21***

3, 18.1

50.49***

3, 15

51.28***

Week

6, 39.3

32.02***

6, 17

96.59***

6, 16.3

45.82***

Hybrid x Week

9, 39.6

11.69***

18, 24

12.98***

18, 22.7

6.62***

Hybrid

3, 25.6

71.52***

3, 13.3

22.39***

3, 12

59.89***

Week

5, 34.8

102.33***

5, 15.5

37***

5, 60

17.48***

Hybrid x Week

15, 39.5

13.11***

15, 21.2

5.41***

15, 60

2.51**

a

Family indicates grouping of near isolines of Bt and non-Bt hybrids.
Asterisk (*) indicates significant at P < 0.05 (*), P<0.01 (**), and P<0.001 (***)
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Table 4.3: ANOVA Statistics for H. zea characteristics in Bt corn trials in Florence, South Carolina, 2016-2017
Proportion Ears
Larvae per 10 Ears
Head Capsule Width
Injured
Familya
Year
Factor
Dekalb 1

Dekalb 2

2016

2016

2017

Pioneer

2016

2017

df

F

df

F

df

F

Hybrid

1, 6

1.14

1, 15.6

1.37

1, 6.39

0.00

Week

6, 36

2.23

6, 32.7

8.89***

4, 15.3

3.17*

Hybrid x Week

6, 36

0.93

6, 32.7

1.27

4, 15.3

2.01

Hybrid

2, 9

103.95***

2, 21.8

19.46***

2, 4.32

3.95

Week

6, 14

3.48

6, 51.1

7.33***

3, 15.3

5.73*

Hybrid x Week

12, 4.47

4.84

12, 51.4

3.44***

6, 15

3.94*

Hybrid

2, 8.79

16.11**

2, 17.2

0.61

2, 5.45

19.75*

Week

5, 5

1.01

5, 40.4

17.94***

2, 14.3

46.38*

Hybrid x Week

10, 5.72

1.21

10, 41.3

0.67

4, 14.2

1.80

Hybrid

3, 25.8

326.58***

3, 22.9

29.33***

2, 10.9

5.33*

Week

6, 17.9

12.51***

6, 69.6

34.3***

4, 30.7

32.33*

Hybrid x Week

18, 25.1

1.95

18, 69.1

5.22***

8, 30.5

3.07*

Hybrid

3, 14.2

50.7***

3, 19.9

18.11***

2, 2.87

0.13

Week

5, 51.6

2.69*

5, 52

17.61***

4, 24.4

28.20*

Hybrid x Week

15, 52.9

1.13

15, 53.9

1.8

8, 25.3

2.96*

a

Family indicates grouping of near isolines of Bt and non-Bt hybrids.
Asterisk (*) indicates significant at P < 0.05 (*), P<0.01 (**), and P<0.001 (***)
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Table 4.4: ANOVA Statistics for H. zea larvae characteristics by tissue location (Florence, SC, 2016-2017).
N larvae
Head Capsule Width
Familya
Year
Factor
df
F
P
df
F
Dekalb 2

Pioneer

2017

2016

2017

P

Hybrid

2, 19

1.89

0.1788

2, 19

3.30

0.0587

Location

2, 19

2.27

0.1306

2, 19

24.55

<.0001

Hybrid x Location

4, 19

0.87

0.5027

4, 19

0.67

0.6229

Hybrid

2, 13

0.57

0.5800

2, 13

1.95

0.1811

Location

1, 13

24.21

0.0003

1, 13

3.33

0.0910

Hybrid x Location

2, 13

0.97

0.4065

2, 13

3.01

0.0843

Hybrid

2, 23

1.38

0.2722

2, 23

0.41

0.6676

Location

2, 23

1.45

0.2552

2, 23

41.94

<.0001

Hybrid x Location

4, 23

1.06

0.4005

4, 23

0.41

0.7993

# Larvae were log10(x+1) transformed to improve normality and constant variance of residuals.
Dekalb 1 and Dekalb 2 2016 data omitted because of lack of data.
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Fig. 4.1. Mean H. zea feeding injury to silk, tip, and kernel tissues in the Dekalb 2 hybrid family
in Florence, South Carolina, in 2016 and 2017. Asterisk (*) indicates where SLICE function was
used to identify significant differences among hybrids within each sampling week when the
hybrid x week interaction was significant.
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Fig. 4.2. Mean H. zea feeding injury to silk, tip, and kernel tissues in the Pioneer hybrid family
in Florence, South Carolina, in 2016 and 2017. Asterisk (*) indicates where SLICE function was
used to identify significant differences among hybrids within each sampling week when the
hybrid x week interaction was significant.
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Fig. 4.3. Mean number of H. zea larvae per 10 ears for hybrids in the Dekalb 2 and Pioneer
hybrid families in Florence, South Carolina, in 2016 and 2017. Asterisk (*) indicates where
SLICE function was used to identify significant differences among hybrids within each sampling
week.
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Fig. 4.4. Mean H. zea head capsule width for larvae collected in the Dekalb 2 and Pioneer hybrid
families in Florence, South Carolina, in 2016 and 2017. Asterisk (*) indicates where the SLICE
function was used to identify significant differences among hybrids within each sampling week.
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Fig. 4.5. Age, number, and feeding location of H. zea larvae in ear tissues. (A) Distance larval
feeding penetrance into corn ears of hybrids in the Dekalb 2 and Pioneer families by larval age
group in 2017. (B) Mean number of larvae collected in either silk or kernel tissue in hybrid
family Pioneer in 2016. (C) Mean larval head capsule width in silk, tip, and kernel tissue in
hybrid family Dekalb 2 in 2017. (D) Mean larval head capsule width in silk, tip, and kernel tissue
in hybrid family Pioneer in 2017. (E) Sum of larvae collected across all Bt and non-Bt corn
hybrids in silk, tip, or kernel tissue by instar in 2017.
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Fig. 4.6. Mean concentration of Cry1F and total protein among tissue types for hybrid family
Pioneer in Florence, South Carolina, in 2016 and 2017 (A, C). Mean concentration of Cry2A and
total protein among tissue types for hybrid family Dekalb 2 in 2016 and 2017 (B, D). Individual
Bt hybrids within each family and year (Table 4.1) were not significantly different and pooled.
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CHAPTER FIVE
EVALUATION OF INSECTICIDAL SPRAY THRESHOLDS IN LATE-PLANTED BT AND
NON-BT CORN FOR MANAGEMENT OF THE
FALL ARMYWORM (LEPIDOPTERA: NOCTUIDAE)

Abstract
The fall armyworm, Spodoptera frugiperda (J. E. Smith), is one of the most important pests of
corn in North and South America. It overwinters in tropical regions and annually reinvades
higher latitudes later in a growing season. It is managed primarily with transgenic crops
producing insecticidal proteins of Bacillus thuringiensis (Bt), but the development of resistance
threatens their durability and necessitates the use of alternative management strategies. We
conducted field trials during 2016 and 2017 in South Carolina using naturally infested lateplanted corn. We evaluated the use of Bt and non-Bt corn hybrids in combination with foliar
applications of chlorantraniliprole at varying infestation thresholds to protect field corn from
infestation and damage and determine effects on grain yield. All Bt hybrids were more effective
at reducing fall armyworm infestation rates and leaf injury than one or more insecticide sprays,
and no Bt hybrid reached the lowest infestation threshold (20%) to require supplemental
insecticide treatments. The only treatment to reduce ear feeding or the proportion of ears infested
was the Bt hybrid pyramid producing Vip3A. However, significant protection of yield was
detected only in the Bt hybrids producing Cry1A.105 + Cry2Ab2. Resistance of fall armyworm
to Bt proteins has been reported in some parts of the southern United States but all Bt traits tested
in this study were effective in reducing infestation and feeding damage, although this did not
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always result in significant protection of yield. Our results demonstrate the utility of using
chlorantraniliprole with Bt (when resistance is present) and non-Bt corn to manage this pest.
Key words Spodoptera frugiperda, Bacillus thuringiensis corn, chlorantraniliprole,
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Introduction
The fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae) is a
polyphagous, highly mobile insect pest originating in tropical and sub-tropical regions of the
Western Hemisphere (Luginbill 1928). This species is not known to diapause, and overwintering
survival in North America is limited to the southernmost areas of Florida and Texas, Mexico,
and the Caribbean (Luginbill 1928, Sparks 1979). From these overwintering sites, fall armyworm
populations make annual long-distance migrations, infesting crops in the central and eastern
United States as far north as Canada (Nagoshi et al. 2012). A cool, wet spring followed by warm,
humid weather favors the buildup of populations, and favorable wind currents aid in their
migratory flights (Sparks 1979, Mitchell et al. 1991). The fall armyworm was recently
established in Africa where it now poses a serious threat to a number of agricultural crops
(Goergen et al. 2016, Nagoshi et al. 2017).
The fall armyworm’s preference for graminaceous plants makes it a major pest for crops
such as corn (Zea mays L.), sorghum (Sorghum bicolor L.), rice (Oryza sativa L.), wheat
(Triticum aestivum L.), and sugar cane (Saccharum spp.) (Luginbill 1928, Pashley 1988). It feeds
primarily on whorl leaves and in corn it may also infest the ears, especially during large
infestations (Buntin 2008). It is one of the most common and destructive pests of corn in South
America and certain regions of the United States (Buntin 2008, Cruz et al. 2012). Because of its
migratory behavior, outbreaks in the United States are sporadic but more common as the season
progresses (Buntin 2001, Hardke et al. 2015). Historically, synthetic insecticides have been used
to manage fall armyworm infestations. Seedling corn and sorghum have been protected using
systemic insecticides (e.g. carbofuran, prior to cancellation) applied at planting, or insecticides
can be sprayed via foliar ground applications (Young 1979). However, the efficacy of insecticide
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applications is highly dependent on timing because fall armyworm larvae quickly move into
whorls to feed, as well as being dependent on pest susceptibility (Carvalho et al. 2013).
Since 1996, lepidopteran pests of corn and cotton (Gossypium spp.) can be managed
using transgenic cultivars expressing insecticidal proteins from the bacterium Bacillus
thuringiensis (Bt) (US EPA 2018). Bt corn was first commercialized in the United States to
target the European corn borer, Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae), and other
stalk-boring pests (Koziel et al. 1993). The first transgenic corn hybrids produced only a single
protein (Cry1Ab or Cry1F) for above-ground pests, while more recent hybrids produce multiple
toxins known as pyramids (combinations of Cry1F, Cry1Ab, Cry1A.105, Cry2Ab2, and/or
Vip3Aa20) (Carrière et al. 2015). Bt corn hybrids have been effective at reducing fall armyworm
injury to corn. In the southern United States, corn producing Cry1F can significantly reduce
infestation rate, whorl damage rating, and leaf-feeding injury (Buntin et al. 2004, Siebert et al.
2012, Reisig et al. 2015) and generally provides better control than multiple foliar insecticide
applications (Siebert et al. 2008). While single Bt events can be highly efficacious against fall
armyworm, pyramided events do not always improve control (Buntin et al. 2004, Siebert et al.
2012, Reisig et al. 2015). Effects on grain yield may vary depending on pest pressure, and in
Georgia, grain yield was not significantly different between Bt and non-Bt corn hybrids in
timely-planted corn, but Bt traits did protect from yield loss in late-planted corn when fall
armyworm infestations exceeded 50% (Buntin 2008).
As with foliar insecticides, development of resistance has hindered the efficacy of some
Bt hybrids. In Puerto Rico, unusual damage to Cry1F corn fields was first reported in late 2006.
Laboratory bioassays of populations collected from these fields confirmed high-levels of
resistance, resulting in the voluntary withdrawal of Cry1F Bt hybrids from Puerto Rico (Storer et
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al. 2010). More recent studies have reported fall armyworm resistance to Cry1F in Brazil and the
southeastern United States (Farias et al. 2014, Huang et al. 2014).
Despite their limitations, foliar insecticides remain an important tool in the management
of the fall armyworm in corn, particularly for non-Bt corn growers and in instances when
populations have developed resistance to Bt toxins. Since the introduction of Bt crops, synthetic
insecticides with novel modes of action, including the diamide chlorantraniliprole, have been
developed for commercial use. New insecticidal chemistries have the potential to improve
integrated pest management of the fall armyworm in corn, but only limited research has been
conducted on how they can best be used in conjunction with Bt hybrids (Hardke et al. 2011,
Burtet et al. 2017). We conducted field trials across two years in South Carolina with lateplanted corn naturally infested with high pest pressure of both fall armyworm and corn earworm,
Helicoverpa zea (Boddie). We evaluated the use of Bt and non-Bt corn hybrids in combination
with foliar applications of chlorantraniliprole at varying infestation thresholds to protect field
corn from infestation and damage and determine effects on grain yield. These data will help
determine the best management practices for fall armyworm and corn earworm in late-planted
corn in the southeastern United States.

Materials & Methods
Field Trial Design
Field studies were conducted in 2016 and 2017 at the Clemson University Pee Dee
Research and Education Center in Florence, SC. The experimental design of all trials was a
randomized complete block design of Bt and non-Bt hybrids with four replications. Transgenic
corn hybrids producing Bt toxins as well as their non-Bt near isolines were obtained from Dow
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AgroSciences (Indianapolis, IN) and Monsanto Company (St. Louis, MO) (Table 5.1). Hybrid
treatments were grouped into two families (Dekalb and Pioneer) of non-Bt and Bt near isolines
that share the same background germplasm. Corn was planted in plots of eight rows, 15.2 m in
length, with row widths of 0.76 m. Planting dates were 6 July 2016 and 29 June 2017, and stand
counts for rows four and five were made approximately two weeks after planting. Plant
populations, fertilizer, and herbicide applications were used according to recommended
Extension guidelines. Corn was irrigated as needed.
Infestation Sampling and Spray Thresholds
Sampling for plant infestation by fall armyworm began approximately two weeks after
planting. Sampling dates in 2016 were 19 and 27 July and 2, 9, 16, 23, and 31 August. Sampling
dates in 2017 were 14, 19, and 26 July and 2, 9, and16 August. To determine plant infestation,
the whorl and leaves of every plant in rows four and five were carefully inspected for the
presence of fall armyworm larvae and each plant was marked as either infested or not infested. In
the final sampling weeks, the developing tassel was also inspected for the presence of fall
armyworm larvae.
Individual plots were treated with an insecticidal application of 0.0528 kg [AI]/ha
chlorantraniliprole (PrevathonÒ, DuPontÔ Wilmington, DE) based on infestation threshold
treatments for each hybrid family of either 20, 40, 60, or 80%, sprayed every two weeks
beginning with initial infestation, or never sprayed at all (Table 5.1). In 2016, when threshold
treatments were never reached, these treatments were omitted from the experimental design in
2017. Insecticidal applications stopped after tasseling, when plants were too tall to achieve
adequate spray coverage and infestations were generally below thresholds at that time. Foliar
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insecticides were applied using a MudMaster sprayer using 94 L of water per hectare with one
hollow cone nozzle over the row.

Leaf and Ear Injury Ratings and Yield
Leaf and ear injury ratings were recorded in all plants in rows four and five of each plot.
Leaf injury ratings were recorded after blister-stage (R2) using a reverse 9-1 scale in 2016
(Reay-Jones et al. 2016) and converted to the 0-9 scale in Davis et al. (1992) (0=no injury and
9=whorl and plant growth almost totally destroyed). In 2017, injury was evaluated using the
Davis et al. (1992) scale.
Ear injury ratings were recorded from 20 ears from each plot after ear R5. Variables
recorded were the proportion of ears with feeding injury to the tip tissue or kernels, the area of
the ear tip injured (cm2), and the area of kernels injured (cm2). Yield was estimated by harvesting
the entire middle two rows (rows four and five) of each plot using a two-row combine and
adjusting seed moisture to 15.5%.

Data Analyses
Linear mixed repeated measures models (PROC MIXED, SAS Institute 2008) were
constructed for each hybrid family and year with the proportion of vegetative plants infested by
fall armyworm as the dependent variable and treatment (hybrid and spray threshold), week, and
their interaction as fixed effects. Variance-covariance structure was specified as unstructured and
the denominator degrees of freedom were calculated according to the methods of Kenward and
Roger (1997). The SLICE function of the LSMEANS statement was used to identify differences
among treatments within each sampling week when interactions were significant. In 2016, the
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treatment plots P1319R (80% threshold), P1319HR (20% and 40%), and P1319YHR (20% and
40%) never reached their respective infestation thresholds and were never sprayed, thus, these
treatment plots were excluded from analyses and figures.
Linear mixed models (PROC MIXED, SAS Institute 2008) were constructed for each
hybrid family and year with leaf injury rating, tip and kernel area consumed by corn earworm,
proportion of ears injured, and yield as the dependent variables and treatment as the fixed effect.
Mean values for all sub-sample measurements within a replicate were calculated prior to
statistical analysis.
For all models, replication was used as a random effect and residual plots were visually
inspected for deviations in normality and constant variance. To meet model assumptions, the
proportion of infested plants and ears were arcsine(sqrt(x)) transformed and the leaf injury rating
tip and kernel area injured were log10(x+1) transformed (Zar 1999). Mean separations were
analyzed using Tukey’s honestly significant differences test (Tukey 1953) when significant at a
< 0.05.

Results
Insecticide Efficacy and Infestation Reduction
In 2016, across four Bt and non-Bt hybrids comprising 13 insecticidal treatments, we
sampled 49,790 plants each week for seven weeks for infestation by larvae of fall armyworm. In
2017, across seven Bt and non-Bt hybrids comprising 18 insecticidal treatments, 66,318 plants
were sampled each week for six weeks. Infestation rates were highest during the second and third
sampling weeks and in the non-Bt hybrids not treated with chlorantraniliprole, while infestation
rates were consistently lower in the Bt hybrids (Fig. 5.1). Across both years, the highest recorded
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infestation rates in the Bt hybrids P1319HR, P1319YHR, P1319VYHR, DKC6489VT2P, and
DKC6487SS were 34.5, 16.3, 3.8, 3.9, and 0.6%, respectively. Across both years, the untreated
non-Bt hybrids P1319R and DKC6427R reached maximum infestations of 81.2% and 77.6%,
respectively. After larval infestations peaked in either the second or third sampling period, rates
generally declined in all Bt hybrids and treatments. When foliar applications of
chlorantraniliprole were made to non-Bt hybrids, infestations were generally reduced the
following sampling week. The average [±SEM] reduction in infestation in non-Bt hybrids after
an insecticidal spray treatment was applied was 50.00 ± 0.04%. In the Bt hybrids, infestation
thresholds were never reached and thus no insecticide was applied. The highest mean infestation
in a Bt hybrid was 15% in P1319HR on 27 July 2016. All other Bt hybrids had <10% infestation
across all trials. Individual treatment plots were never sprayed more than twice, as either
infestation fell and remained below threshold or plants developed to a height that could no longer
be sprayed (tassel-stage).
For the Pioneer family in 2016, infestation rates significantly varied among treatments
and sampling weeks (Table 5.2). Infestation was significantly reduced by the Bt hybrids and
insecticide applications all sampling weeks except for the first and last week, as indicated by the
significant interaction. Infestations peaked on 27 July for all treatments but never exceeded 10%
for any treatments with a Bt hybrid (Fig. 5.1A). The first and last sampling weeks had the lowest
infestations for all treatments, with no significant differences between treatments. In the first
week, a significant amount of eggs had yet to be deposited, and by the final sampling week most
surviving fall armyworm larvae had completed development and cycled out of corn. From 27
July to 23 August, infestation rates in the untreated non-Bt control were >20% and differences
between treatments were significant.
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Infestation rates significantly varied among treatments and sampling weeks in the Pioneer
family in 2017 (Table 5.2). The effect of treatment varied with sampling week, as indicated by
the significant interaction. Peak infestation rates for all non-Bt treatments occurred on either 19
or 26 July and were generally less than in 2016 (Fig. 5.1A,B). Bt hybrids were less infested than
the same hybrids in 2016 and infestation never exceeded 3%. Unlike in 2016, infestation in the
untreated non-Bt control was >15% all sampling weeks and differences among treatments were
significant every week. These differences might have been due, in part, to the shorter sampling
window in 2017 (six vs. seven weeks).
For the Dekalb family in 2017, there was significant variation in infestation rates among
treatments and sampling weeks (Table 5.2). The effect of treatment varied with sampling week,
as indicated by the interaction. Infestations in the two Bt hybrids never exceeded 1% and
treatments in non-Bt hybrids peaked on either 19 July or 26 July between 40-70% (Fig. 5.1C).
Similar to hybrid family Pioneer in 2017, differences among treatments significantly varied
every sampling week due to sustained infestation rates in the untreated non-Bt hybrid >7%
compared with virtually no infestation in the Bt hybrids.

Feeding Injury to Leaf and Ear Tissues
Fall armyworm feeding injury on leaves was significantly affected by treatment for
Pioneer in 2016, Pioneer in 2017, and Dekalb in 2017 (Table 5.2). Leaf injury was strongly
reduced by all Bt hybrids. The mean reduction in leaf injury rating between the non-Bt control
and all Bt hybrids combined was 97, 95, and 99% for Pioneer in 2016, Pioneer in 2017, and
Dekalb in 2017, respectively. Non-Bt hybrids sprayed with chlorantraniliprole saw leaf injury
decrease with lower insecticide thresholds. In Pioneer (combining 2016 and 2017), the 20, 40,
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and 60% insecticide thresholds reduced the mean leaf injury rating by 69, 58, and 39%,
respectively. In Dekalb, reductions in leaf injury were not significantly different among any of
the spray treatments (Fig. 5.2).
Injury to the ear tip and kernels was primarily the result of corn earworm feeding, with
very few fall armyworm sampled from ears. Applications of chlorantraniliprole ended more than
one week prior to silking (R1), thus, effects on ear feeding were driven primarily by Bt hybrid.
Injury to tip tissue was significantly affected by treatment for Pioneer in 2016, Pioneer in 2017,
and Dekalb in (Table 5.3). Injury to kernels was significantly affected by treatment for Pioneer in
2016 and 2017, but not for Dekalb in 2017 (Table 5.3). The proportion of ears injured varied
significantly for Pioneer in 2016 and 2017 but not Dekalb in 2017 (Table 5.3). All significant
treatment effects in Pioneer both years were driven by the Bt hybrid producing the Vip3A
protein. The Pioneer Bt hybrids producing Cry1F and Cry1F + Cry1Ab did not significantly
differ from the non-Bt hybrids in ear feeding or proportion of ears injured (Fig. 5.3A, B, C). A
general trend of greater ear feeding injury occurred in 2017 compared with 2016. In Dekalb in
2017, nearly every single ear of all Bt and non-Bt hybrids was injured (Fig. 5.3F). Kernel injury
was not significantly different among treatments, but tip injury was significantly higher in the Bt
hybrid Cry1A.105 + Cry2Ab2 relative to two non-Bt hybrid treatments (Fig. 5.3D, E).

Yield
The effects of fall armyworm and corn earworm feeding on overall grain yield
significantly varied among treatments in Dekalb in 2017, but not Pioneer in either 2016 or 2017
(Table 5.2). In the Dekalb hybrid family, the hybrid Cry1A.105 + Cry2Ab + Cry1F had the
greatest yield, followed by the hybrid Cry1A.105 + Cry2Ab and all the non-Bt hybrids (Fig. 5.4).
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In Pioneer, yields in 2017 were generally higher than in 2016 but also had increased variability
(Fig. 5.4). The Bt hybrid producing Vip3A, which significantly reduced fall armyworm plant
infestation, leaf injury, and ear injury, did not have yields greater than other Pioneer treatments
either year.

Discussion
The fall armyworm is one of the most important pests of corn in North and South
America. Its low tolerance for freezing temperatures and lack of diapause restricts its year-round
distribution to tropical and sub-tropical regions, from where it begins springtime long-distance
migrations into higher latitudes where it can become a severe agricultural pest (Nagoshi et al.
2012). In the United States, due to the favorable climate in the Southeast, the practice of doublecropping is higher than in any other region (USDA ERS 2014) and is one reason corn can be
planted later than the recommended April planting window (Buntin 2008). However, the
incidence and pest pressure of the fall armyworm, as well as the corn earworm, increases as the
season progresses (Buntin 2001, Hardke et al. 2015). To protect field corn from feeding damage
and yield losses, both transgenic insecticidal cultivars (Bt corn) and foliar insecticides are
available. Both pest management practices can manage these insects, but Bt corn can be limited
by the evolution of insect resistance to Bt toxins and synthetic insecticides can be limited by
larval behavior, in addition to insecticide resistance (Young 1979, Tabashnik et al. 2009,
Carvalho et al. 2013, Huang et al. 2014). Nevertheless, there is a need to understand how to best
implement both Bt crops and insecticides for the management of the fall armyworm and other
insect pests of corn.
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Bt corn hybrids and non-Bt hybrids treated with foliar applications of chlorantraniliprole
were effective at reducing fall armyworm infestations in the whorl as well as mean leaf injury
ratings. Fall armyworm was the predominant species recovered feeding on vegetative leaf tissue
and any other lepidopteran species recovered were negligible. Pioneer and Dekalb Bt corn
hybrids maintained mean whorl infestation rates well below the 20% infestation threshold and
never received a foliar chlorantraniliprole application during both years. Bt hybrids were also
more efficacious than any of the sprayed non-Bt hybrids at reducing infestation rates (Fig. 5.1).
In the non-Bt hybrids, nearly every 20 and 40% threshold treatment required back to back foliar
sprays after the second and third sampling week to reduce fall armyworm infestation rates below
their thresholds. The 60% threshold treatment with non-Bt hybrids was sprayed once to maintain
infestation rates below the threshold. In this study, we report that all Bt hybrids were highly
efficacious at reducing infestation and leaf feeding and that there was no difference between
single or pyramided Bt hybrids. Buntin (2008) planted Cry1F corn at the recommended time and
in late June to simulate a double-crop corn planting. In that study, Cry1F corn reduced whorl
infestation and damage from fall armyworm only when infestation levels were higher during the
later planting (mean infestation of 63.0 and 26.5% in non-Bt hybrids in 2016 and 2017,
respectively), resulting in significantly greater protection of grain yield. Siebert et al. (2008)
reported similar levels of efficacy of Cry1F corn against fall armyworm and also that control was
frequently greater than that achieved with multiple applications of foliar insecticides, similar to
our results reported here.
When fall armyworm populations remain susceptible to Cry1F, the high levels of control
are indistinguishable between single and pyramided Bt hybrids (Siebert et al. 2012). Reisig et al.
(2015) found that across 12 southern states during 2010-2011, leaf injury ratings were not
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different between pure stands of Cry1F and the pyramids Cry1Ab + Vip3A or Cry1F + Cry1Ab.
Although fall armyworm resistance to Cry1F has been reported in the southeastern United States
(Huang et al. 2014), and Cry1F resistant alleles are present in North Carolina (Li et al. 2016), the
populations in our study appear to remain susceptible. In Brazil, where fall armyworm is the
number one pest of corn and Cry1F resistance is widespread in some regions, early plantings of
Bt hybrids producing Cry1Ab, Cry1F, and Cry1F + Cry1Ab were severely damaged and required
up to three insecticide applications, while Bt hybrids producing Cry1A.105 + Cry2Ab2,
Cry1A.105 + Cry2Ab2 + Cry1F, and Vip3A showed little damage (Farias et al. 2016, Burtet et
al. 2017). Because of variability in susceptibility to Cry1F in fall armyworm populations that
infest corn in the United States, the use of pyramided Bt hybrids is needed for more consistent
control levels and to delay the development of resistance to individual Bt protein events (Carriere
et al. 2015).
Feeding damage to the ear tip and kernels was caused primarily by the corn earworm, as
the number of fall armyworm collected in ears was negligible. In 2017 (and to a lesser extent in
2016), virtually 100% of all Bt and non-Bt ears were infested and injured, with the exception of
the Bt hybrid producing Vip3A (Fig. 5.3). These high infestation rates of corn earworm are
common in late-planted corn in the southeastern United States and make the effective
management of this pest in late-planted corn important for protection of yield (Buntin et al. 2004,
Buntin 2008). In this study, the only Bt hybrid to reduce feeding injury to either ear tissue was
the hybrid producing Vip3A. Interestingly, in 2017 the Bt hybrid producing Cry1A.105 +
Cry2Ab2 had significantly higher ear tip damage than two of the non-Bt near isolines. Ears of
the Vip3A Bt hybrid were almost entirely injury free except for a single ear in 2017. Foliar
applications of chlorantraniliprole for fall armyworm during vegetative corn growth had no
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influence on corn earworm infestation or damage to corn ears (Fig. 5.3). The lack of control of
corn earworm by Bt hybrids (except Vip3A) that we report is likely explained by a combination
of several factors including high pest pressure, moderate susceptibility to these Bt proteins, the
development of resistance to several of these proteins, and decreased susceptibility later in the
season (Storer et al. 2001, Ali and Luttrell 2007, Dively et al. 2016, Bilbo et al. in press).
The only Bt hybrids to prevent grain yield loss were the Dekalb hybrids producing
Cry1A.105 + Cry2Ab2 and Cry1A.105 + Cry2Ab2 + Cry1F. These Bt hybrids significantly
reduced fall armyworm infestations and leaf injury but did not reduce corn earworm kernel
injury. Differences in yield among the Pioneer hybrids were not detected in this study (Fig. 5.4).
The effects of fall armyworm damage to corn on grain yield in previous studies have been
varied. Marenco et al. (1992) found that sweet corn yields were most influenced when fall
armyworm feeding damage occurred during later whorl stages and that densities as low as 0.20.8 larvae per plant during this stage could reduce yields 5-20%. Buntin (2008) reported that
Cry1F prevented significant yield loss to fall armyworm, but only when infestations were high
(>50%) in late plantings, and these differences were only significant in one of the two years. In
Brazil, Burtet et al. (2017) reported severe fall armyworm damage to Cry1F and Cry1Ab corn
(single and pyramided), which were subsequently sprayed numerous times with various
insecticidal treatments. Losses in grain yield were prevented by several Bt hybrids and
supplemental insecticide sprays, although yield results among insecticides were similar. Our
results for the Dekalb hybrid family suggest that insecticide treatments alone are not enough to
prevent losses in grain yield under such high pest pressure. Because we did not see significant
reductions in ear feeding by corn earworm among any of our Bt or insecticide treatments (except
Vip3A), it is possible that the yield protected by the hybrids Cry1A.105 + Cry2Ab2 and
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Cry1A.105 + Cry2Ab2 + Cry1F was due to reduced fall armyworm infestations and leaf injury
during vegetative growth. Cruz and Turpin (1983) reported a significant inverse relationship
between leaf damage and yield, but also noted that yield losses were directly related to
reductions in kernel feeding. Mean yields in our Pioneer hybrids in 2017 were variable and any
differences between treatments may have been obfuscated by lodging incurred from Hurricane
Irma prior to harvest.
In conclusion, this study showed that Bt hybrids and, to a lesser extent, non-Bt hybrids
treated with foliar applications of chlorantraniliprole can be used to successfully manage fall
armyworm infestation rates and feeding damage during vegetative growth of late-planted corn in
South Carolina. Every Bt trait we tested here was highly efficacious at reducing fall armyworm
injury and did not require supplemental insecticide sprays. Neither Bt hybrid nor insecticide
treatment had any influence on the amount of infestation or damage to corn ears by corn
earworm, with the exception of the Bt hybrid producing Cry1F + Cry1Ab + Vip3A. This hybrid
was highly efficacious at managing both the corn earworm and fall armyworm and incurred
virtually no feeding damage to either leaf or ear tissues, although this protection did not result in
detectable effects on grain yield. Foliar applications of chlorantraniliprole at varying infestation
thresholds did not impact yield, but their utility in managing fall armyworm damage indicates
their potential in providing control supplementary or complementary to Bt traits to reduce the
selection pressure of Bt proteins and benefit insect resistance management. The detection of fall
armyworm resistance to Bt proteins in the southeastern United States (Huang et al. 2014)
emphasizes the need for integrating Bt crops with other control tactics such as biological control
and push-pull systems (Meagher et al. 2016, Midega et al. 2018) to ensure the sustainability of
pest management tools for growers.
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Table 5.1. Corn hybrids planted in Florence, South Carolina in 2016 and 2017
Year

Trade Name

Hybrid

Family

Bt event(s)

Bt protein(s)

Infestation
Threshold

2016, 2017

non-Bt

P1319R

Pioneer

-

-

Untreated

2016, 2017

non-Bt

P1319R

Pioneer

-

-

20%

2016, 2017
2016, 2017

non-Bt
non-Bt

P1319R
P1319R

Pioneer
Pioneer

-

-

40%
60%

2016

non-Bt

P1319R

Pioneer

-

-

80%

2016, 2017
2016, 2017

non-Bt
Herculex I

P1319R
P1319HR

Pioneer
Pioneer

TC1507

Cry1F

Every 2 wk
Untreated

2016, 2017

Herculex I

P1319HR

Pioneer

TC1507

Cry1F

20%

2016
2016, 2017

Herculex I
Optimum Intrasect

P1319HR
P1319YHR

Pioneer
Pioneer

TC1507
TC1507, MON810

Cry1F
Cry1F + Cry1Ab

40%
Untreated

2016, 2017

Optimum Intrasect

P1319YHR

Pioneer

TC1507, MON810

Cry1F + Cry1Ab

20%

2016

Optimum Intrasect

P1319YHR

Pioneer

TC1507, MON810

Cry1F + Cry1Ab

40%

2016, 2017

Optimum Leptra

P1319VYHR

Pioneer

TC1507, MON810, MIR162

Cry1F + Cry1Ab + Vip3Aa20

Untreated

2017

non-Bt

DKC64-27R

Dekalb

-

-

Untreated

2017

non-Bt

DKC64-27R

Dekalb

-

-

20%

2017

non-Bt

DKC64-27R

Dekalb

-

-

40%

2017

non-Bt

DKC64-27R

Dekalb

-

-

60%

2017
2017

non-Bt
Genuity VT Double Pro

DKC64-27R
DKC64-89

Dekalb
Dekalb

MON89034, MON88017

Cry1A.105 + Cry2Ab2

Every 2 wk
Untreated

2017

Genuity VT Double Pro

DKC64-90

Dekalb

MON89034, MON88017

Cry1A.105 + Cry2Ab2

20%
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Table 5.2. Effects of late-planted Bt and non-Bt corn hybrids treated with
chlorantraniliprole on fall armyworm infestation, leaf injury, and grain yield in
Florence, South Carolina in 2016 and 2017.
Infestation Rate
Leaf Injury Rating
Yield
Family and
Effect
Year
df
F
df
F
df
F
7, 21.7
Pioneer 2016 Treatment
26.04***
12, 35
64.99*** 12, 35
1.78
6, 18
Week
140.69***
.
.
.
.
42, 38
.
.
.
.
Trt x Week
11.76***
7, 24
Pioneer 2017 Treatment
40.01***
9, 27
42.71*** 9, 27
0.69
Week
5, 20
134.33***
.
.
.
.
35,40.6
Trt x Week
14.88***
.
.
.
.
6, 21
Dekalb 2017 Treatment
122.98***
7, 21
48.96*** 7, 21 26.57***
5, 17
Week
174.67***
.
.
.
.
Trt x Week
30, 32.1
13.96***
.
.
.
.
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Table 5.3. Effects of late-planted Bt and non-Bt corn hybrids treated with
chlorantraniliprole on fall corn earworm infestation and injury to ear tissues in
Florence, South Carolina in 2016 and 2017.
Proportion Ears
Tip
Kernel
Injured
Family, Year
Effect
df
F
df
F
df
F
Pioneer 2016 Treatment 12, 35 16.55***
12, 35
8.65***
12, 35
13.42***
Pioneer 2017 Treatment 9, 27 30.45***
9, 27
21.87***
9, 27
41.54***
Dekalb 2017 Treatment 7, 21
3*
7, 21
0.74
7, 21
0.9
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Fig. 5.1. Mean [±SEM] infestation rates of fall armyworm larvae in leaves and whorl of
late-planted Bt and non-Bt corn hybrids treated with chlorantraniliprole in Florence,
South Carolina in 2016 and 2017. (A, B) Pioneer hybrid family; (C) Dekalb hybrid
family. Arrows indicate spray application of chlorantraniliprole and numbers indicate
which plots were treated. Asterisk (*) indicates where SLICE function was used to
identify significant differences among treatments within each sampling week when the
treatment x week interaction was significant. In 2017, field conditions prevented
insecticide application to plot (5), which was to be sprayed every 2 weeks.
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Fig. 5.2. Mean [±SEM] leaf injury rating by fall armyworm larvae in late-planted Bt and
non-Bt corn hybrids treated with chlorantraniliprole in Florence, South Carolina in 2016
and 2017. Bars with the same letter within each hybrid family were not significantly
different in 2016 (upper case letters) and 2017 (lower case letters).
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Fig. 5.3. Mean [±SEM] ear infestation and feeding injury to the ear tip and kernels in
late-planted Bt and non-Bt corn hybrids treated with chlorantraniliprole in Florence,
South Carolina in 2016 and 2017. Bars with the same letter within each hybrid family
were not significantly different in 2016 (upper case letters) and 2017 (lower case letters).
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Fig. 5.4. Mean [±SEM] corn grain yields of late-planted Bt and non-Bt corn hybrids
treated with chlorantraniliprole in Florence, South Carolina in 2016 and 2017. Bars with
the same letter within each hybrid family were not significantly different in 2016 (upper
case letters) and 2017 (lower case letters).
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

Insect resistance to pesticides is one of the greatest challenges to pest
management in agriculture. The evolution of resistance by insects to their control costs
billions of U.S. dollars per year and has significant detrimental effects on the
environment (Palumbi 2001). The first documented case of insecticide resistance was in
1914, and by 1990 over 500 species had evolved resistance to at least one insecticide
(Melander 1914, Georghiou 1991). Within a decade after the introduction of a new
pesticide, the insects they’re intended to control have often already evolved resistance
(National Research Council 2000).
Since 1996, agricultural crops genetically engineered to produce insecticidal
proteins derived from the bacterium Bacillus thuringiensis have been commercially
available as a pest management resource. This crop technology has had a range of
economic and environmental benefits, but their continued success is threatened by the
evolution of insect resistance. Since their inception, resistance has been proactively
managed and a number of target pests remain susceptible. However, resistance has
developed in a number of target pests and the time from first commercial planting to
resistance development has been decreasing (Tabashnik and Carrière 2017). For
important insect pests that are only moderately susceptible to some Bt proteins, such as
Helicoverpa zea and Spodoptera frugiperda (Lepidoptera: Noctuidae), resistance has
evolved or showed evidence of emergence. The evolution of resistance to Bt crops in
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these insects has tremendous implications for pest management and food security across
the world. The goal of this dissertation was to improve our understanding of the
interactions between H. zea and S. frugiperda and Bt crops in order to better predict and
understand the factors driving their evolution of resistance.
My research determined that H. zea populations across the southern United States
feeding on Bt corn can survive on Bt hybrids but at the potential cost to reproductive
fitness. In both single and pyramided Bt events, pupal weight of both males and females
was significantly reduced after feeding in Bt corn ears. To understand what effects these
consequences have on adult fitness and population dynamics we analyzed the fecundity
and viability of offspring of the surviving moths and the F1 generation. There were no
detectable differences in fecundity or egg viability for populations surviving on Bt corn.
Despite this, it is likely that reductions in pupal weight have a significant influence on H.
zea biology and ecology in other ways and future studies should be conducted to
determine what these are. The effects of reduced pupal weight may influence factors such
as adult size, mating competitiveness, flight capability, adult longevity, overwintering
survival, and even transgenerational effects on development or pesticide susceptibility.
Addressing these knowledge gaps will greatly benefit the accuracy and utility of the
models required to synthesize information and predict the development of resistance in
H. zea populations.
Through the monitoring of susceptibility of H. zea in North and South Carolina to
Cry1A.105 and Cry2Ab2, my research provided a critical status update on the
development of resistance in the field to these proteins. These or similar proteins are
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produced in many of the Bt corn and Bt cotton plants throughout the southern United
States. Because of the pattern of host use by H. zea throughout a growing season,
resistance to these proteins has implications for the successful management of this pest in
both crops. My results revealed high levels of widespread resistance to Cry1A.105, as
well as indications of resistance to Cry2Ab2 in several locations but not in others.
Additionally, the variation in pupal weight and development time was described for field
populations but neither these nor environmental parameters correlated with the magnitude
of resistance development. Future work is needed to better understand the landscape-level
factors driving the evolution of resistance and how insect fitness relates to geneticallybased decreases in susceptibility. These results emphasize the need for greater proactive
resistance management and also the need for resistance remediation. By understanding
the relative toxicity of these and other Bt proteins, future pyramided transgenic crops can
be more successfully designed and deployed in the southern United States.
The manner in which larvae of H. zea feed within corn ears can have important
implications for the development of resistance. My research quantified the concentrations
of Cry1F and Cry2Ab2 in corn ears and showed that larvae will encounter heterogeneous
distributions of Cry toxins and dietary nutrients at different instars. These studies are the
first to quantify Cry toxin concentrations in silk tissue at two different stages and the first
to differentiate Cry protein concentrations in the ear tip from the kernels. It is also the
first study to document the age-specific feeding location of H. zea in the silk, ear tip, and
kernels. These data lay the groundwork for future research, such as detailed laboratory or
greenhouse studies determining at what age larval survival is no longer affected by Bt in
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the kernels. This information is critical for understanding the potential consequences of
implementing seed mixtures in Bt corn the southeastern United States. More broadly,
future research should investigate how larval feeding behavior and nutritional regulation
are influenced by Cry toxins, environmental conditions, and conspecific competition.
The fall armyworm is another serious pest of corn and whose pest status is likely
to increase with future climate change. It has also recently invaded Africa and India
where it threatens to cause severe crop damage. My research explored the ways in which
foliar insecticide sprays can be integrated with Bt crops to improve the management of
this pest. The results showed that even under high infestation rates of fall armyworm,
growers can manage plant damage and protect yields by planting Bt hybrids. Our trials on
the efficacy of chlorantraniliprole indicate that in instances of fall armyworm resistance
to Bt proteins, a single foliar application is enough to significantly reduce infestation
rates and leaf feeding injury. However, future work is needed to better understand how
varying infestation rates, and chlorantraniliprole alone can be used protect grain yields.
Insect resistance is a longstanding problem that will continue as long as humans
act in any way to reduce the fitness of an insect. Resistance has evolved to not just
chemical pesticides and transgenic crops, but also to biological control and cultural
control strategies, such as crop rotation. Addressing these challenges will require a deep
understanding of insect physiology, behavior, and ecology both in natural environments
and under the selection pressures of pest management. Resistance has been referred to as
a “wicked” problem (Gould et al. 2018) that is rooted in a mix of ecological, genetic,
economic, and sociopolitical factors that constrain the implementation of sustainable pest

191

management practices. If the future of agriculture is to be secure and productive it will
require focused and steadfast research on understanding insects and their ways.
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Appendix B
Letter of permission to include copyrighted works: Chapter II
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Appendix C
Letter of permission to include copyrighted works: Chapter III
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Appendix D
Supplementary figures and table to Chapter 4. Injury data analyzed per injured ear rather
than per 10 sampled ears

Fig. D1.. Mean H. zea feeding injury to silk, tip, and kernel tissues in the Dekalb 2 hybrid
family in Florence, South Carolina in 2016 and 2017. Mean injury data calculated using
only ears with recorded injury, omitting non-infested ears (see text).

197

Supplementary figure to Chapter 4

Fig. D2. Mean H. zea feeding injury to silk, tip, and kernel tissues in the Pioneer hybrid
family in Florence, South Carolina in 2016 and 2017. Mean injury data calculated using
only ears with recorded injury, omitting non-infested ears (see text).
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Table D1. ANOVA Statistics for H. zea Bt corn ear feeding in trials in Florence, SC 2016-2017
a

Family

Year

Dekalb 1

2016

Dekalb 2

2016

2017

Pioneer

2016

2017

Factor

Proportion Silk Injured

Tip Area Injured (cm2)

Kernel Area Injured (cm2)

df

F

df

F

df

F

Hybrid

1, 6.13

0.44

1, 14

1.44

1, 7

0.11

Week

3, 14.5

3.51*

6, 29.5

3.34*

6, 6.47

2.45

Hybrid x Week

3, 14.5

1.54

6, 29.5

0.52

6, 6.47

2.01

Hybrid

2, 2.13

11.97

2, 9

25.98***

2, 28.5

9.77***

Week

3, 21.7

3

6, 4

14.18*

6, 48.3

4.93***

Hybrid x Week

6, 21.8

0.58

12, 4.47

2.18

12, 49.4

1.82

Hybrid

2, 19.7

3.76*

2, 6.24

11.85**

2, 14.3

0.86

Week

5, 25.8

44.86***

5, 5

16.26**

5, 10.3

35.59***

Hybrid x Week

10, 28

1.22

10, 5.72

0.57

10, 12.3

0.82

Hybrid

3, 14.2

33.02***

3, 26.1

95.05***

3, 13.3

132.82***

Week

6, 36.9

8.27***

6, 16.9

149.03***

6, 35

52.55***

Hybrid x Week

9, 36.4

4.45***

18, 24

17.41***

18, 41.7

6.74***

Hybrid

3, 39.5

83.07***

3, 23.5

113.16***

3, 12

19.8***

Week

5, 58.2

61.2***

5, 17.1

106.26***

5, 60

21.64***

Hybrid x Week

15, 59.2

8.39***

15, 23.8

12.15***

15, 60

3.04**

a

Family indicates grouping of near isolines of Bt and non-Bt hybrids. Asterisk (*) indicates significant at P < 0.05 (*), P<0.01
(**), and P<0.001 (***). Underlined F-values indicate where significance is different from those in Table 4.
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